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This dissertation is an exploration of phenomena on varying scales, built on the backbone of 
Cenozoic mammalian biochronologic units (Land Mammal ‘Ages’): the integration of fossil and 
geological data to constrain spatiotemporal patterns in evolution. I develop and test hypotheses 
about the origins and ordinal-level relationships of the extinct South American endemic placental 
order Notoungulata, as well as about some more specific macroevolutionary patterns at a familial 
level within notoungulates. Major novel outcomes include a new biochronologic timescale for the 
terrestrial Cenozoic of South America, numerically calibrated through synthesis of new and 
existing high-precision geochronological data (particularly U-Pb and 40Ar/39Ar dating), along 
with an explicit logical framework for Land Mammal “Age” calibration; description of two new 
interatheriid notoungulate taxa from the central Chilean Andes; a new phylogenetic hypothesis 
for the position of Notoungulata within Placentalia; and the first ever DNA sequences obtained 
from the extinct musk ox relative Bootherium bombifrons.  
The first study, chapter two, is a review of geochronologic (radiometric and 
magnetostratigraphic) constraints for the South American Land Mammal “Age” timescale. I 
present a revised, updated timescale, and a descriptive, logical framework for the synthesis of 
geochronologic and biochronologic data from a variety of sources and analytical methods. 
Significant changes to the calibration of individual SALMAs in this update are concentrated in 
the Paleogene, while Neogene calibrations have remained fairly stable, with small refinements to 
the core age ranges of the Huayquerian, Chasicoan, Colloncuran, and Friasian. This section also 
investigates the influence of latitudinal biotic provinciality on correlations and chronologic 
calibrations, particularly as far as provinciality reflects the climatic evolution of the continent. 
Marked provinciality is evident at least as early as the early Eocene, with faunas like Itaboraí 
differing from potential correlative faunas at higher latitudes, potentially representing unique 
periods in mammalian evolution, both faunally and chronologically. Instead of trying to recognize 
and correlate the classical high latitude SALMAs to highly distinctive tropical assemblages, the 
SALMA timescale should allow for the development of separate mammalian biochronologic 
zonations for low and high latitudes.  
Chapter three presents and describes two new notoungulate taxa, representing the first 
species formally described from the Los Queñes Fauna, a late Eocene mammal assemblage from 
the Andean Main Range of central Chile. These two taxa, Anabalcarcel ignimbritae and 
Jackconrad carreterensis, represent the earliest hypsodont interatheres known. Based on ancestral 
state reconstructions using parsimony, hypsodonty appeared no later than the latest Eocene (34.6 
± 0.8 Ma; likely correlative with the Mustersan South American Land Mammal Age) in 
interatheres, a time when this dental specialization was not yet pervasive among other 
mammalian herbivores. Tree-based comparative analyses revealed two significant taxonomic 
radiations of interatheres, the early radiation of basal interatheriids and a later radiation of 
hypselodont taxa after the interval of dramatic global climatic change associated with the 
Eocene/Oligocene boundary. 
In chapter four, I attempted to apply some of the geochronologic methods incorporated in 
the first two chapters, to date a newly discovered site in Abanico Formation, central Chilean 
Andes. This formation yields fossil mammals in numerous areas, including at several localities in 
the Río Las Leñas and Río Cachapoal drainages. In the Cachapoal Valley, steeply-dipping beds 
have yielded fossils of Tinguirirican age, including a polydolopine marsupial and an interatheriid 
notoungulate. The results of this study, the first 40Ar/39Ar analysis from the Cachapoal Valley, are 
a date of 11.1 ± 1.8 Ma, from stratigraphically higher levels loosely constraining the minimum 
age for fossiliferous deposits. 
Chapters five and six change tack a little, and investigate analytical methods in ancient-
DNA phylogenomics, time-calibrated with radiocarbon dates, using as a study system 
Bootherium bombifrons, the endemic North American helmeted musk ox that went extinct, along 
with most of its megafaunal colleagues, at the end of the Pleistocene. This switch to a North 
American, rather than South American, endemic mammal was driven by availability of molecular 
comparative material and the presence of hundreds of helmeted musk ox specimens in the 
American Museum paleontology collections, which I was able to sample destructively. I present 
the first complete mitochondrial genome of the extinct musk ox Bootherium bombifrons, and new 
mitochondrial sequence data from seven individuals referred to Bootherium bombifrons 
Additionally, I obtained new radiocarbon dates from these same specimens, of 38580 ± 720, 
30240 ± 260, 44570 ± 190, 41040 ± 910, 44240 ± 1500, 39080 ± 770, 28370 ± 210, and 47190 ± 
2100 calibrated 14C years BP. Phylogenetic analysis supports placement of Bootherium as sister 
to the living musk ox, Ovibos moschatus, in agreement with morphological taxonomy. I also 
tested hypotheses regarding the impact that locus choice has on divergence date estimates using 
tip calibrations in this taxon. Estimates of the root age of three different gene trees for 
Bootherium specimens ranged from 19 ka, for cytochrome B, to over 50 ka for the mitochondrial 
control region.  
The final study in this dissertation (chapter seven) is a superordinal scale approach to 
fitting Notoungulata into the picture of all placental mammals through synthesis and expansion of 
existing total-evidence matrices. Results presented here corroborate previous findings that 
notoungulates are most closely related to Afrotheria, but do not support afrothere and 
notoungulate reciprocal monophyly, suggesting a complex biogeographic relationship between 
South America and Africa persisting from Late Cretaceous through mid-Paleocene.
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The extinct, endemic, herbivorous, hoofed mammals of South America are a diverse and 
abundant array, ranging from tiny forest-dwelling leaf-eaters resembling archaic 
primates, to rabbit-sized animals with enlarged, gnawing teeth, to giant forms resembling 
camels, horses, hippos, or elephants. The fossil record of these animals, which belong to 
several extinct orders and are collectively termed “meridiungulates,” ranges 
geographically from high latitude pampas to the Peruvian rainforest to the Andes, and 
chronologically from the last gasp of the dinosaurs at the end of the Mesozoic to the end 
of the most recent Pleistocene Ice Age.  
 “Meridiungulata” comprises five ordinal groups, each typically considered to be 
monophyletic clades. Notoungulata was the most diverse of these, and is perhaps the 
best-known. Notoungulates have been recovered from as early as the Paleocene (~60-55 
Ma), reached peak diversity roaming the open plains of Patagonia between 40-30 million 
years ago, and are last known from Pleistocene records that range as far north as Texas. 
Litopterns also thrived in the middle Cenozoic, and some families had a striking 
convergent resemblance to horses, with long legs terminating in a single toe.  
 This fossil record is profoundly useful in chronologic applications, and in 
paleoclimatic inferences based on faunal assemblages and dental and skeletal 
morphology. My research focuses on this profusion of data associated with the fossil 
record through several lenses: phylogenetics, climate history, and chronology. A key 
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unresolved question is: what are the higher-level phylogenetic affinities of the endemic 
South American ungulates (in particular, Notoungulata) to other placental mammals?  
A transcendent theme of this dissertation can be summarized as an emphasis on 
data quality and quantifying uncertainty, particularly as regards sampling and analytical 
methods, over spatiotemporal orders of magnitude. Chapter two is a very thorough 
review of the Cenozoic biochronology of South America, and in its methods lies the first 
iteration of this major theme: precision where it matters. High-precision radioisotopic 
data are only as precise as the stratigraphic context relating them to Land Mammal ‘Age’-
diagnostic fossils. Chapter three is an introduction of two new species of notoungulate 
from the Chilean Andes (in space) and very near the end of the Eocene (in time), and an 
example of the influence of nodal time calibrations on results produced by phylogenetic 
comparative methods. Chapter four presents geochronologic data from a nearby locality, 
and unintentionally became a case study on the critical components of a successful 
40Ar/39Ar dating attempt, among them, precise and definite stratigraphic control on the 
relation of fossils to the rocks being studied (echoing chapter two, on a much narrower 
spatiotemporal scale). Chapters five and six are a diversion from rocks, into the spatial 
and temporal scales of a population of extinct North American musk oxen. The relation 
of these chapters to the general South American focus of the dissertation is twofold: first, 
they riff on the major theme of defining and redefining precision as relates to different 
data and question types, and second, they investigate exactly what utility ancient DNA 
sequences can have to the understanding of phylogenetic relationships at different scales. 
The final chapter returns to South America by way of the rest of the entire Earth, 
expanding a total-evidence phylogenetic dataset developed to investigate the early 
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diversification of Placentalia to include more notoungulates. It also expands, from 
chapter six, on the question of utility of molecular data (ancient or modern) in fossil-
heavy contexts, on a scale of epochs and superorders instead of kiloyears and 
populations. This final chapter synthesizes phylogenetic methods, taxonomy, 
geochronology, and concepts of uncertainty from chapters two through six, and directly 
attacks the central question of notoungulate affinities among Placentalia. It can be read 





Update and revised calibration of South American Land Mammal ‘Ages’ in the era 
of high-precision geochronology 
 
Adapted from a manuscript of the same title that is currently in preparation, authored by 
A.R. West and J.J. Flynn. 
 
Abstract 
The chronologic backbone of Cenozoic terrestrial paleontology in South America 
consists of two dozen South American Land Mammal ‘Ages’ (SALMAs), of which some 
are defined formally based on a stratotype and chronostratigraphic stage, most are 
informally defined yet recognized over wide geographic areas, and a few remain based 
only on local faunas. A major advance in the two decades since the last comprehensive 
synthesis of Cenozoic SALMA calibrations (Flynn & Swisher 1995) has been 
refinements in high-precision geochronology methods. We synthesize all available high-
precision radioisotopic dates and magnetostratigraphic data associated with or bracketing 
strata bearing fossils that characterize each major South American mammalian 
biochronologic unit to produce an up-to-date synthetic timescale for the currently 
accepted SALMAs, as well as some subages or informal biochronologic units based on 
more localized faunas or intervals that are controversial or not yet widely accepted as 
SALMAs (identified in quotation marks below). The approximate age ranges of these are 
as follows, with well-constrained core age ranges (“core”) first and widest potential age 
ranges (“potential”) consistent with available reliable data in parentheses: “Grenier Farm” 
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fauna, 66-65 Ma; “Tiupampan,” 64.5-64 Ma; “Peligran”, 64-62.5 Ma; “Carodnia Zone”, 
62.2-61.5 Ma; Itaboraian, 59.5-59 (61-51) Ma; Riochican, 49.75-48.5 (50-?47) Ma; 
“Sapoan”, 48.5-47.5 (50-47) Ma; Casamayoran 47-38.5 Ma; Vacan subage of the 
Casamayoran, ?45-?44 Ma; Barrancan subage of the Casamayoran, ?43-38.5 Ma; 
Mustersan, 38-37 (38.5-35) Ma; Tinguirirican, 33.5-31 (33.75-31) Ma; Deseadan, 29 - 
25.5 (30.5 - 23.5) Ma; Colhuehuapian, 21-19.25 (23.5-19) Ma; “Pinturan,” 19-18 Ma; 
Santacrucian, 18-16.5 (19.5-16) Ma; Friasian, 16-15.5 (16.5-15.5) Ma; Colloncuran, 
15.5-14 (15.5-13.75) Ma; Laventan, 13.75-12 (14-12) Ma; Mayoan, 12-10.5 Ma; 
Chasicoan, 10.25-9 (10.5-9) Ma; Huayquerian, 8.5-6 (9-6) Ma; Montehermosan, 6-4 Ma; 
Chapadmalalan, 3.75-3.25 Ma; Marplatan, 3.25 – 2.25 (3.35-1.5) Ma; “Uquian”  3.25 - 
1.5 (3.35 - 1.5) Ma; Ensenadan, 1-0.75 Ma; Lujanian, 0.75- 0.01 Ma. Major progress has 
been made in terms of the SALMA timescale’s completeness, and the total time 
unaccounted for (i.e., apparent gaps in the record) is about half of what it was in 1995.  
Salient changes to the calibration of individual SALMAs are concentrated in the 
Paleogene: Itaboraian and Riochican are now recognized to represent latest Paleocene 
through late early Eocene time. Sparse radioisotopic dates plus magnetostratigraphy 
permit only a broad potential correlation of the Itaboraian to some time between 59 and 
51 million years ago. Part of this lack of precision is due to lack of data from available 
sections, and questions remain about the correlation between the type locality in Brasil 
and dated localities elsewhere. The Riochican is late Ypresian, and is either immediately 
older than, or contemporaneous with the Sapoan, a recently proposed chronological unit 
based on two localities in western Argentina. It therefore is unclear whether the Sapoan 
does indeed represent a temporally distinct SALMA, in part because dates from Sapoan 
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localities imply overlap between Sapoan and Riochican as well as between Sapoan and 
the Vacan subage of the Casamayoran. In the mid-Cenozoic: Casamayoran, now often 
divided into two subages (Vacan and Barrancan), spans most of the middle and late 
Eocene. Mustersan is latest Eocene; Tinguirirican, formalized as a SALMA in 2003, 
represents earliest Oligocene time; and Divisaderan is no longer recognized as a 
SALMA. The core age range of the Deseadan has remained stable over the past two 
decades, with the added possibility that latest Deseadan time may be earliest Miocene and 
the earliest Deseadan could be older than previously proposed (beginning as early as 30 
Ma). Neogene calibrations have remained fairly stable by comparison to the Paleogene, 
but there are small refinements to the core age ranges of the Huayquerian, Chasicoan, 
Colloncuran, and Friasian. The ranges of the Ensenadan, Santacrucian, and 
Colhuehuapian each have been extended downwards. Colhuehuapian now occupies the 
earliest Miocene, and the Santacrucian and “Pinturan” are combined into a single 
SALMA (the Santacrucian) and recognized to be as old as about 19 Ma. 
The influence of latitudinal biotic provinciality on correlations and chronologic 
calibration reflects, in part, the Cenozoic environmental evolution of the continent. 
Beginning in the late Cretaceous, South America was close to its current position, 
spanning nearly 80 degrees in latitude and, as a result, experienced a wide spectrum of 
climatic conditions areally and over time. By the Miocene, uplift of the Andes also was 
well underway, producing longitudinal climate variation as well, and some evidence 
suggests that older phases of uplift may also have fostered longitudinal biotic 
differentiation. In the fossil record, marked provinciality is evident at least as early as the 
early Eocene, with faunas like Itaboraí differing substantially from putative equivalents at 
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higher latitudes, followed later by a spectacular array of distinctive low latitude Neogene 
faunas in places like Venezuela, Colombia, Peru, and Bolivia– all of which are difficult 
to correlate to classical SALMA assemblages and thus may represent unique periods in 
mammalian evolution, both faunally and chronologically.  
Therefore, previously recognized SALMAs may not all be distinct, temporally 
discrete units that are applicable continent-wide: diachroneity in lithostratigraphic units 
has been definitively recognized, for instance from east to west across Argentina, so a 
lithologic unit containing a fauna typical of one SALMA in one place may be a different 
age elsewhere. Instead of trying to recognize and correlate the classical high latitude 
SALMAs to highly distinctive tropical assemblages, we advocate instead for the 
development of separate mammalian biochronologic zonations for low and high latitudes.  
 
Resumen 
La escala cronológica de la paleontología terrestre Cenozoico en América del Sur se 
compone de veinticuatro edades mamíferas (SALMA), de los cuales algunos se definen 
basado formalmente en un estratotipo y una cronoestratigrafía, la mayoría son 
informalmente definidas aún reconocidas a lo largo de amplias áreas geográficas, y unos 
siguen basados únicamente en las faunas locales. En los más de veinte años desde la 
última síntesis completa de las calibraciones de SALMA Cenozoico (Flynn y Swisher 
1995), un avance importante fue el refinamiento de los métodos de geocronología de alta 
precisión. Aquí presentamos una síntesis nueva de todos los datos radioisotópicos y 
magnetoestratigráficas asociados con fósiles que caracterizan a cada SALMA y así con 
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algunas unidades biochronológicos informales. Las unidades informales están 
identificadas con comillas. 
Aquí presentamos los rangos de edades aproximadas de SALMAs, con los rangos 
de edades bien constreñidos-("núcleos") primero y los rangos de edades más amplios 
("potenciales") en paréntesis: "Grenier Farm" fauna, 66-65 Ma; "Tiupampense," 64,5-64 
Ma; "Peligrense", 64-62,5 Ma; "Zono Carodnia", 62,2-61,5 Ma; Itaboraiense, 59,5-59 
(61-51) Ma; Riochiquense, 49,75- 48,5 (50-?47) Ma; "Sapoense", 48,5-47,5 (50-47) Ma; 
Casamayorense 47-38,5 Ma; subedad Vaquense del Casamayorense, 45-44 Ma ; subedad 
Barranquense del Casamayorense, 43-38,5 Ma; Mustersense, 38-37 (38,5-35) Ma; 
Tinguiririquense, 33,5-31 (33,75-31) Ma; Deseadense 29-25,5 (30,5-23,5) Ma; 
Colhuehuapense, 21-19,25 (23,5-19) Ma; "Pinturense"19-18 Ma; Santacrucense, 18-16,5 
(19,5-16) Ma; Friasense, 16-15,5 (16,5-15,5) Ma; Colloncurense, 15,5-14 (15,5-13,75) 
Ma; Laventense, 13,75-12 (14 -12) Ma; Mayoense, 12-10,5 Ma; Chasiquense, 10,25-9 
(10,5-9) Ma; Huayqueriense, 8,5-6 (9-6) Ma; Montehermosense, 6-4 Ma; 
Chapadmalalense, 3,75-3,25 Ma; Marplatense, 3.25-2.25 (3,35-1,5) Ma; "Uquiense" 
03.25-01.05 (3.35-1.5) Ma; Ensenadense, 1-0,75 Ma; Lujanense, 0.75-0.01 Ma. Nuestro 
resultado es una escala mucho más completa: el tiempo total en paradero desconocido  
Los cambios más destacados en la calibración de SALMAs individuales se 
concentran en el Paleógeno. Itaboraiense y riochiquense ahora representan tiempo del 
último Paleoceno a Eoceno temprano. Los datos mínimos radioisotópicos y 
magnetoestratigráficos solamente permiten una dudosa correlación potencial de la 
Itaboraiense, en algún momento entre 59 y 51 Ma. Parte de esta falta de precisión se debe 
a la falta de secciones geológicas disponibles, y de la incierta correlación entre la 
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localidad tipo en Brasil y localidades fechadas en otro lugar. El riochiquense es Ypresian 
tarde, y es inmediatamente mayor que, o contemporánea de, el “Sapoense.” “Sapoense” 
es una unidad cronológica recientemente propuesta, basada en dos localidades en el oeste 
de Argentina. Por lo tanto, no está claro si el “Sapoense” represente una SALMA distinta; 
los datos radiométricos del “Sapoan” no son bien diferentes de los rangos de edad del 
Riochiquense y Barranquense.  
El Casamayorense, que se divide en dos subedades, Vaquense y Barranquense, se 
extiende por la mayor parte del Eoceno medio y tarde. Mustersense es Eoceno más tarde; 
Tinguiririquense, formalizado como una SALMA en 2003, representa el Oligoceno más 
temprano. Divisaderense ya no se reconoce como una SALMA. El rango de edad núcleo 
de la Deseadense se ha mantenido estable durante las últimas dos décadas, con la 
posibilidad añadida de que el Deseadense más tarde podría ser Mioceno temprano, y el 
Deseadense más temprano podría ser más antiguo de lo que se propuso anteriormente 
(comenzando tan pronto como 30 Ma). Las calibraciones del Neógeno se han mantenido 
bastante estable en comparación con el Paleógeno, pero hay pequeños cambios a los 
rangos de las edades núcleas de la Huayqueriense, Chasiquense, Colloncurense, y 
Friasense. Las edades iniciales del Ensenadense, Santacrucense, y Colhuehuapense se 
han extendido cada una hacia más temprano. Colhuehuapense ahora ocupa el primer 
Mioceno, y el Santacrucense y "Pinturan" se combinan en una sola SALMA (el 
Santacrucense) que podría ser tan antigua como 19 Ma.  
La influencia de la zonación biótico latitudinal sobre las correlaciones y la 
calibración cronológica refleja, en parte, la evolución ambiental cenozoica del continente. 
A partir de finales del Cretácico, Sudamérica estaba cerca de su posición actual, 
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extendiéndose casi 80 grados en latitud y, como resultado, experimentó un espectro de 
condiciones climáticas, que varían sobre espacio y tiempo. Por el Mioceno, el 
levantamiento de los Andes también estaba bien en curso, produciendo la variación 
longitudinal del clima, y es posible que las fases iniciales del levantamiento también 
pueden haber fomentado la diferenciación biótica longitudinal. En el registro fósil, la 
provincialidad (zonación) es evidente a partir del Eoceno temprano, por ejemplo, en 
faunas como Itaboraí que difieren sustancialmente de equivalentes cronológicos en 
latitudes más altas. Estos fueron seguidos más tarde por una variedad espectacular de 
faunas neogénicas distintivas de baja latitud, en lugares como Venezuela, Perú y Bolivia, 
todos de cuales son difíciles de correlacionar con las clásicas SALMAs. Por lo tanto, 
pueden representar períodos únicos en la evolución de los mamíferos, tanto en forma 
faunística como cronológica. 
Las SALMAs previamente reconocidas pueden ser todas unidades discretas, 
temporalmente discretas, aplicables en todo el continente: o puede ser que sean más 
complejas las delimitaciones entre zonas espaciotemporales y faunisticas. Se ha 
reconocido definitivamente la diacronía en unidades litoestratigráficas, por ejemplo, de 
este a oeste en toda la Argentina, por lo que una unidad litológica que contiene una fauna 
típica de una SALMA en el oeste puede ser una edad diferente en el este. Sugerimos que 
en lugar de reconocer y correlacionar las SALMA clásicos de latitudes altas con 
conjuntos tropicales distintivos, es más informativo desarrollar zonaciones 





In the intervening decades since Flynn and Swisher (1995), or FS95 throughout this 
paper, summarized available data on the geochronologic calibration of the roughly 20 
South American Land Mammal ‘Ages’ (SALMAs) then recognized, there have been 
significant advances in constraining numerical age calibrations of various SALMAs, 
particularly in the late Paleogene, but also for parts of the Neogene.  In addition, several 
new SALMAs have been proposed, some of which were formulated as formal “stage-
age” units, rather than as the informal biochronologic units typical of other SALMAs. An 
extensive series of new high-resolution radioisotopic dates, including those derived from 
application of high-precision U-Pb geochronologic methods to terrestrial strata, have 
yielded marked changes in the age calibration of many SALMAs that warrant this update. 
These refined ages are essential for reliable temporal correlations of fossiliferous units 
across broad geographic areas, particularly across biotic provinces, intercontinentally or 
globally, as well as evolutionary rate studies or inferences of synchrony or temporal 
offsets of biotic and physical environmental changes. 
While there have been some changes to the age constraints and correlations of 
Neogene, particularly latest Neogene, SALMAs, new data for the Paleogene provide the 
most dramatic advances.  This stems in part from an asymmetry in numerical calibration 
information previously available from Neogene (abundant) versus Paleogene (sparse) 
sequences, and recovery of both new faunas and enhanced geochronologic data from 
Andean and tropical regions, which often are associated with volcaniclastic sediments 
that are conducive to either radioisotopic and/or magnetostratigraphic age estimation (see 
Flynn et al., 2014, and references therein).  Nevertheless, the early Paleogene terrestrial 
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record in South America generally remains poorly calibrated even today, yielding 
substantial variability in inferred temporal correlations for, and in certain cases even the 
order of, some SALMAs. 
In this study we present and discuss advances in calibrating the ages of 
sedimentary sequences and their associated faunas representing particular SALMAs, 
especially noting marked revisions from prior understanding, but also providing citations 
to a broad range of studies that include related information. In addition, we compile and 
interpret newly available geochronologic and magnetostratigraphic information, and 
develop a synthetic Cenozoic SALMA chronology to best reflect these data. Figure 2.1 
shows that durations of SALMAs typically range from one to five million years, with 
duration influenced by taxonomic diversification, extinction, immigration, and 
biogeography. Higher turnover in mammalian taxa obviously may yield increasingly 
more finely subdivided SALMAs (Croft, 2000). Even with newly available information, 
we emphasize that significant temporal and geographic sampling gaps remain in the 
South American record of mammalian evolution, and that ongoing and future work surely 
will substantially modify current understanding, particularly for Paleogene intervals.  
Most papers cited herein focused on individual faunas or SALMAs, or relatively short 
temporal intervals within the Cenozoic, but several addressed broader time spans, 
presented SALMA chronologies that were based on dates only from particular regions, 
used alternative chronological calibration methods to determine SALMA age boundaries, 
or provided proposed SALMA correlations that differed substantially from those of Flynn 
and Swisher (1995). For example, Legarreta and Uliana (1994) correlated latest 
Cretaceous to late Miocene marine and mammal biochronologic units in central 
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Patagonia to the time scale using a sequence stratigraphic framework, while Dunn et al. 
(2013) used new high-precision U-Pb data from classical sequences in Patagonia to 
present a correlation of middle Cenozoic SALMAs that differed to varying degrees from 
the ages presented in FS95. Some authors have advocated for abandoning use of 
SALMAs in favor of stage/age units that have been formally defined 
chronostratigraphically, providing a framework for the late Neogene, although this is of 
limited practical utility currently, as there are few formally-defined South American 
terrestrial stage-ages in other parts of the Cenozoic (Cione et al., 2009; Cione and Tonni, 





















































































































































































































Figure 2.1. Newly synthesized South American Land Mammal ‘Age’ (SALMA) timescale 
based on all current magnetostratigraphic, radioisotopic, and biostratigraphic data; 
compared to current timescales from North America (NALMA), Europe (ELMA), and Asia 
(ALMA) (SALMAs from this study; other columns assembled from Gradstein and Ogg, 
2012; Woodburne, 2004). Dark grey = gaps, light grey = potential temporal range, white = 
core temporal range; see text for definitions of potential and core temporal ranges. 
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2. CONCEPTUAL BASIS OF A LAND MAMMAL ‘AGE’  
Land Mammal ‘Ages’ were conceived as informal biochronologic units to enable time-
calibration of, and correlation between, geologic units on the local to continental scale. 
Rather than be formally defined with reference to a stratotype, LMAs are often defined 
based on a fauna at a particular locality which can also be identified, on the basis of 
taxonomic similarities, at correlative sites. Dates from strata within or bracketing fossil 
levels at any of these localities can then be used to constrain the time which a LMA 
represents. To define a LMA, its particular defining fossil assemblage or taxon must be 
recognized at more than one geographically-distant locality, otherwise it is referred to as 
a local fauna and may not have time stratigraphic significance outside of its immediate 
geographic location.  
The fossil basis for a LMA is modeled on formal biozones; for example, a LMA 
may be defined relative to the first and last appearance of a single taxon, or the 
overlapping ranges of several taxa—ie., an Oppel Zone (see, e.g.:  Berry, 1968; Berggren 
and Van Couvering, 1978; Cione and Tonni, 1995; Flynn et al., 2003; Salvador, 1994; 
Wood, 1941; Woodburne et al., 2014). An important difference between a classical 
biostratigraphic unit and a LMA is that a LMA is explicitly a geographically limited unit, 
in terms of the distribution of its typifying taxon or taxa, and in terms of the area over 
which it may be used in time-calibrating events. Which is to say, referring to an event or 
taxon as “Santacrucian-aged” makes contextual sense if it occurs in South America, but 
not for one on any other continent (in the absence, of course, of an independent 
correlation between continent-scale timescales—which do exist, see for example: Cionne 
and Tonni, 2001; Clyde et al., 2014; Pascual, 2006; Woodburne, 2010; Woodburne et al., 
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2014). Recently, it has become clear that even restricting SALMAs to a continent is not 
sufficiently geographically limiting, as the data synthesized in this paper support the 
future development of regional SALMA zonations, reflecting the complex biogeography 
of this latitudinally-expansive and environmentally heterogeneous continent.	  
 
3. CHRONOLOGIC CALIBRATION OF SALMAS 
Chronologic data pertaining to the numerical ages and temporal correlations of 
recognized SALMAs were collected from the literature, including radioisotopic age 
determinations (see Appendix) and magnetostratigraphies correlated to the global 
magnetic polarity timescale, and all added to the data compiled in FS95. Relevance of 
these data to constraining the temporal span of a particular SALMA was judged based on 
three main criteria: 1) confidence in the direct or correlative association of the dated level 
to SALMA-diagnostic fossils, 2) precision of the analytical method used to obtain a 
radioisotopic date, and 3) confidence in the correlation of magnetostratigraphic sections 
to the Geomagnetic Polarity Time Scale (GPTS). An additional consideration was to 
assess whether any particular biochronologic unit referred to as a SALMA is valid in 
terms of representing a distinctive, time-significant, faunal unit that is consistently 
recognizable across a wide geographic span and either informally characterized or 
formally defined with reference to a stratotype and geochronologic stage. 
We developed a protocol to assess isotopic dates based on congruence with all 
other data and correlation to magnetostratigraphic columns. Association of dated levels 
with these fossiliferous horizons characterizing a particular SALMA can be direct if 
based on physical superposition, or indirect if correlated between distant localities; we 
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placed more confidence on the former when arbitrating conflicts between dates. We also 
took into account the analytical method used to obtain each date and the magnitude of the 
total uncertainty with each date. In general, dates obtained using high-precision analytical 
methods were considered to be more reliable. For example, if a K-Ar date and a 40Ar/39Ar 
date were in conflict, but both had about the same level of confidence in stratigraphic 
correlation and association to SALMA-diagnostic fossils, the calibration by the latter, 
higher-precision date was preferred. To update argon dates, when necessary, we 
recalculated ages using modern decay constants and standard ages (Renne et al. 2010). 
The difference this recalculation made, however, was typically not significant compared 
to the original analytical uncertainty. Ultimately, we settled on a definite or “core” age 
range for each SALMA, defined as the temporal span based on highly precise and  
confidently correlated radioisotopic constraint dates, and minimal overlap between core 
dates for adjacent SALMAs. Beyond these core ranges, we determined to which SALMA 
any particular time interval was most likely to pertain, using the protocol described 
above, and assigned those intervals to the “potential” range (i.e. broadest temporal range 
permitted by the available geochronological data). Although LMAs were conceptualized 
to be continuous, with no gaps between them, we do not advocate extending time ranges 





















































































































Figure 2.2. Methods used to determine temporal boundaries when there are overlaps 
between successive SALMAs during synthesis of isotopic and magnetostratigraphic data. 
The four stages of refinement: 1. total range of age data; 2. removing overlaps and 
determining ordinal relationships of SALMAs; 3. narrowing the temporal range for each 
SALMA to that based on high-precision data; 4. determining correlation of low-precision 
dated or overlapping intervals. In the Data column, the left-hand bar for each of the three 
SALMAs represents the range of isotopic age data, with the white being maximal extent of 
error bars, bracketing, and less-precise dates, and the black representing the extent of 
high precision and confidently-correlated dates. The right-hand bar for the SALMAs 






Marshall et al. (1997) reviewed information then available for Paleocene land 
mammal faunas in the San Jorge Basin of Patagonia, southern Argentina; Andean basins 
of southeastern Peru, southern Bolivia and northwestern Argentina; and the fissure-fill 
assemblages from Itaborai in southeastern Brazil. Although those authors presented 
refined stratigraphies and magnetostratigraphic age inferences, there remains little or no 
radioisotopic age control for the vast majority of the local faunas from those areas.  Their 
isolated faunal occurrences (not stratigraphically superposed with other faunas) and 
frequently high levels of endemism make it difficult to determine precise superpositional 
relationships among them or correlate them over long distances, and proposed temporal 
correlations previously were based primarily on the “stage-of-evolution” of various taxa.  
Based on their interpretations, Marshall et al. (1997) lumped all of the previously 
recognized Paleocene SALMAs into a single one, the Riochican, spanning 60 to 55.5 Ma.  
Estimated temporal durations for their four Riochican subages included the “Peligran” 
(60-59.5 Ma), “Tiupampan” (59.5-58.2 Ma), and almost completely overlapping subages 
of Itaboraian (58.2-55.5 Ma) and Riochican (57.5-55.5 Ma). The suggested overlap of the 
latter two stems from a variety of taxa occurring in both subages, and inferences of 
possible geographic differentiation. Use of the same name for both the Riochican 
SALMA and a separate subage within this SALMA has not been followed by subsequent 
workers, nor has the melding of “Peligran”, “Tiupampan”, Itaboraian and Riochican into 
a single SALMA. The calibration suggestions of Marshall et al. (1997) differ from those 
of FS95 in inverting the temporal order of the “Tiupampan” and “Peligran”, shortening 
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the total duration of the Paleocene SALMAs (from 7 Myr to 4.5 Myr), and shifting age 
estimates for the entire early Paleocene sequence towards younger ages (spanning 60-
55.5 Ma instead of 64.5-57.5 Ma), leaving a gap in the early Paleocene unrepresented by 
any SALMA (e.g., 60-66 Ma [the K/Pg boundary was estimated at 65 Ma at the time, but 
now is at least 66 Ma; Bowring et al., 2008, Renne et al., 2013, Westerhold et al., 2012; 
Sprain et al., 2015]).  Estimates of the age of the Riochican SALMA sensu stricto, 
however, remain the same between both studies. Marshall et al. (1997) also suggested a 
faunal interchange event between North and South America during the Late Paleocene 
(between ~58.2 and 56.5 Ma). 
In contrast to Marshall et al. (1997), Gelfo and colleagues’ (2009) quantitative 
faunal similarity analyses (parsimony and cluster analyses based on taxa occurring within 
early Paleogene SALMAs, and the North American Puercan NALMA, assemblages) 
agreed with FS95 in the faunal distinctness and temporal order of previously named early 
Paleogene SALMAs.  In addition, they recognized three other distinct early Paleogene 
faunas or biochronologic intervals—the Grenier Farm fauna, “Carodnia zone” 
(previously considered to be a part of the Riochican, but in that paper considered to be 
even older than the Itaboraian SALMA preceding the Riochican sensu stricto) and the 
Paso del Sapo fauna (or “Sapoan”; see Goin et al. (2001) and Bond et al. (2002); Laguna 
Fria and La Barda localities, and correlated to lie between the Riochican and the Vacan 
subage of the Casamayoran, in Tejedor et al. 2009) of earliest Paleocene, latest Paleocene 
and late early to middle Eocene age, respectively.  They also cited a cross-cutting 
relationship between an igneous intrusion, 40K/40Ar dated at 52.6 ± 2.4 Ma, and units 
bearing the Itaborai fauna in Brazil, thereby providing a minimum age for the Itaboraian 
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SALMA.  Based on this relatively weak constraint from an intrusive event, they proposed 
that the Itaboraian, and thus also the temporally succeeding Riochican, might be early 
Eocene in age, rather than Paleocene. 
 
	   3.1.1.1. “Grenier Farm”: Woodburne et al. (2014a) reviewed the stratigraphic 
and biochronologic evidence for the relative order and absolute ages of Paleogene 
SALMAs and other chronologic units based on local faunas or fossils. The earliest of 
these is the Grenier Farm site, in the Lefipán Formation, Chubut Province, Argentina, 
where a single mammalian taxon, the metatherian Cocatherium lefipanum, was recovered 
(Goin et al., 2006). Woodburne et al. (2014a) agreed with Goin et al. (2006) in 
correlating the Lefipán Formation to earliest Danian time, based on marine invertebrates 
associated with the mammal fossil. Stratigraphically, this is consistent with the location 
of the fossil-bearing site being 5 meters above an unconformable contact of the Lefipán 
Formation with strata referred to the Cretaceous-aged Chubut Group. The age assigned to 
the site “Grenier Farm” is approximately 66-65 Ma, based on the age of the early Danian 
in standard geochronologies. It is worth noting, however, that this locality has yielded 
only one mammalian taxon and is not recognized anywhere else; none of the conditions 
for recognition as a biochronologically unique interval or a LMA are met. We consider 
“Grenier Farm” a potentially important site in terms of Cretaceous/Paleogene mammalian 
evolution, and have retained it in the SALMA timescale to reflect that consideration. 







































































































































































Figure 2.3. Radioisotopic age data and magnetostratigraphic correlations for latest 
Cretaceous through mid-Eocene SALMAs (including subages and various non-SALMA 
zones). White boxes are core ranges that are constrained by high-precision data, 
hachured areas are ranges permitted by the available data. Circle = date within, or 
correlated within, fossiliferous levels of units bearing particular SALMA assemblages. 
Arrows = dates from levels bracketing fossils. Colors indicate analytical method: black = 
U-Pb; blue = 40Ar/39Ar; grey = fission-track; red = 40K-40Ar. Error bars are 2-sigma; where no 
error bars are shown, they are shorter than the radius of the circle. Numbers indicate 
multiple analyses of the same or nearly the same age. Magnetostratigraphic correlations 
are shown to the magnetic polarity timescale (GMPTS) of Gradstein et al. (2012). Record = 




3.1.1.2. “Tiupampan”: The typifying “Tiupampan” fauna is found only in the 
Santa Lucía Formation, Bolivia. Recognition of a SALMA in part requires it to be 
identifiable or correlated to more than one locality continent-wide, and there is no 
definite correlation of any other faunas (for instance, at higher latitudes in classical 
SALMA localities) to the Tiupampa Fauna. We therefore refer to the “Tiupampan” in 
quotation marks, to reflect that the current and historical difficulties in correlating the 
Tiupampa Fauna to other mammalian faunas preclude its recognition as SALMA that is 
identifiable in multiple areas. 
Age constraints for the “Tuipampan” come from both stratigraphic and 
biochronologic correlations. The Santa Lucía Formation overlies the El Molino 
Formation (?Late Campanian; Maastrichian-Danian) and is unconformably overlain by 
the Cayara Formation (Thanetian) (Gayet et al., 1991; Marshall et al., 1997; Sempere et 
al., 1997). The magnetic polarity of the upper El Molino, Santa Lucía, and Cayara 
formations is reversed, leading early workers to correlate these levels to Chron C26r, 
which under the timescale of Luterbacher et al. (2004) is 61.7-58.7 Ma  and the 2012 
timescale we use here (Gradstein et al., 2012) is about 62.1-59.2 Ma (Luterbacher et al., 
2004; Marshall et al., 1997; Sempere et al., 1997). This age is supported by an increase in 
grain size at the El Molino-Santa Lucía formation contact, which (Sempere et al., 1997) 
correlated to a global regression at the Danian-Selandian boundary at 61.7 Ma. If this 
correlation is correct, the Tiupampa Fauna would be about 59 Ma.  
 Taxonomic analyses of “Tiupampan” and other Paleocene mammal faunas from 
North and South America, however, suggested a somewhat older age for the 
“Tiupampan”. Gelfo et al. (2009) reviewed the existing evidence (e.g., (Bonaparte and 
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Morales, 1997; Bonaparte et al., 1993; Muizon and Cifelli, 2000; Pascual and 
Jaureguizar, 1990) and conducted parsimony and cluster analyses comparing the 
“Tiupampan”, “Peligran”, Itaboraian, Riochican, Vacan, Barrancan, and Alamitan 
SALMAs/subages and the Puercan NALMA. They concluded that the “Tiupampan” is 
probably the oldest SALMA, based on its taxonomic similarities to the Puercan NALMA. 
This agrees with earlier conclusions (Gayet et al., 1991; Muizon and Cifelli, 2000) that 
“Tiupampan” taxa are phyletically closer to faunas of the Puercan rather than the 
Torrejonian NALMA, with the exception of a single Torrejonian pantodont taxon found 
in the “Tiupampan”. Given this proposed relationship between the Puercan NALMA and 
“Tiupampan”, the reversed magnetic polarity of the Santa Lucía Formation and 
bracketing units would correlate to Chron C28r, which is two chrons older than previous 
correlations.  Chron C28r is 64.6-64 Ma in the Luterbacher et al. (2004) magnetic 
polarity timescale, and 65-64.6 Ma in more recent timescales (Gradstein et al., 2012), 
giving it a potential range of 65-64 Ma. This revised magnetic correlation precludes 
connection of the El Molino-Santa Lucía contact to the global 59 Ma regression, 
however, Sempere et al. (1997) found evidence of tectonically controlled subsidence in 
the lower Santa Lucía Formation, indicating that the basin was under local tectonic 
control rather than exclusively eustatic, so a different correlation to other eustatic cycles 
and an older age is not necessarily discounted. The 65-64 Ma age estimate for the 
“Tiupampan” agrees with FS95, who based their assignment of the ages and relative 
order of the “Tiupampan” and “Peligran” on available taxonomic evidence (Bonaparte et 
al., 1993; Bond et al., 1995; Crochet and Sigé, 1993; Marshall et al., 1981; Pascual et al., 
1992a; Pascual et al., 1992b). 
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3.1.1.3. “Peligran”: The “Peligran” is known only from the Salamanca 
Formation, San Jorge Basin, Patagonia. Whether the occurrence of “Peligran”-aged 
fossils in more than one place in the same formation qualifies as recognition in distinct 
localities—required for the basis of a SALMA—we do not address, beyond noting that 
the “Peligran” is not unique in this regard.  The Salamanca Formation and overlying Río 
Chico Group capture “Peligran” through Riochican time, beginning with the 
unconformity-bounded Hansen Member (a unit made up of the Banco Verde and Banco 
Negro Inferior, the latter referred to henceforth as the BNI) of the upper Salamanca 
Formation which yields the typifying “Peligran” fauna (Bond et al., 1995; Clyde et al., 
2014; Gelfo et al., 2009; Woodburne et al., 2014a). Initially, the “Peligran” fauna was 
correlated to the “Tiupampan” on the basis of mammalian (in particular marsupial) and 
other vertebrate taxa (Bond et al., 1995). Gelfo and colleagues (2009) provided the most 
recent review of the “Peligran”, and summarized evidence that supports the “Peligran” 
being younger than the “Tiupampan”. Based on faunal comparisons, foraminiferal stages, 
and magnetostratigraphy, they placed the “Peligran” as equivalent to early Tiffanian time, 
at the beginning of Chron C26r, which in the magnetic polarity timescale they used as 
well as in the current one (Luterbacher et al., 2004) is about 61.7 ± 0.2 Ma (see also: 
Bertels, 1975; Bonaparte et al., 1993; Marshall et al., 1981; Pascual et al., 1992a; Pascual 
et al., 1992b; Pascual and Ortiz-Jaureguizar, 1991). This conclusion was shared by 
Woodburne et al. (2014a; 2014b) but contradicted by Clyde et al. (2014). Clyde et al. 
(2014) prefered a correlation of the BNI to Chron C28n-C27r, rather than C26r, using the 
Gradstein et al. (2012) timescale, a correlation permissive of an age range of 64.5 – 63.5 
Ma. Clyde et al. (2014) obtained an 40Ar/39Ar date (67.31± 0.55 Ma) from a basalt 
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underlying the Salamanca Formation, and three U-Pb dates of 62.08 ± 0.83, 61.51 ± 0.88, 
and 61.984 ± 0.041 Ma from tuffs in the Peñas Coloradas Formation (the lowest part of 
the Río Chico Group, which is separated from the Salamanca Formation by at least two 
unconformities) to constrain the maximum age of the “Peligran” to younger than about 
64 Ma and the minimum age to older than about 62 Ma. They also obtained magnetic 
polarity data from the western part of the BNI that show it is of normal, rather than 
reversed, polarity. Thus, Clyde et al. (2014) interpreted the BNI as time-transgressive 
from west to east, and the “Peligran” as temporally equivalent to or older than the 
“Tiupampan”. The data from Clyde et al. (2014) are consistent with an older than 
previously recognized age for the “Peligran” but do not require an inversion of its 
chronologic order with the “Tiupampan” (Woodburne et al., 2014b).  Therefore, we 
currently recognize the “Tiupampan” as a short earliest Paleocene temporal interval, in 
Chron C28r and approximately 64.5-65 Ma, with a younger “Peligran” spanning parts of 
Chron C28n to C27r, from slightly older than 64 Ma to approximately 62.5 Ma, although 
its precise older and younger limits are uncertain. Because both the “Tiupampan” and 
“Peligran” are known solely from their typifying faunas, and faunal provinciality and 
distinct biochrons between high and mid/low latitudes remains possible in the early 
Cenozoic (as is the case in the late Cenozoic), the potential temporal overlap and the 
geographic scope of applicability of these SALMAs remain to be further tested with 
discovery of additional “Peligran” and “Tiupampan” faunas and new geochronologic data 
in the future. 
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3.1.1.4. Carodnia Zone: The Carodnia Zone biochron is based on the first 
occurrences of Amphidolops, Wainka, and Carodnia, in the Peñas Coloradas Formation, 
which is the lowest formation in the Río Chico Group (Pascual and Ortiz-Jaureguizar, 
2007; Woodburne et al., 2014a). The age of the Peñas Coloraras Formation is constrained 
by superpositional relationships inferred by (Bond et al., 1995) and the approximate ages 
of the unconformities bounding the Peñas Coloradas Formation inferred by Legarreta and 
Uliana (1994) from sequence-stratigraphic correlations of the Salamanca Formation and 
Río Chico Group to global eustatic history. Woodburne et al. (2014a) recognized nine 
unconformities in the Salamanca-Río Chico series (see also: Raigemborn et al., 2010; 
Simpson, 1935), and summarized available dates for three of them, of which two, one at 
the base of the Peñas Coloradas Formation, of 62.6 ± 5 Ma (Andreis, 1977) and one at the 
top of the Peñas Coloradas Formation, of 57.8 ± 6 Ma (Iglesias et al., 2007), constrain the 
age of the Carodnia Zone. Based on these two dates, Woodburne et al. (2014a) suggested 
an age range of 59-57.8 Ma for the Carodnia Zone, although we note that the extremely 
large error bars permit a much wider range of possible age correlations for this biozone. 
The Woodburne et al. (2014a) age estimate agrees with the magnetostratigraphic data 
from Marshall et al. (1981, 1997) but the correlations that Marshall and colleagues made 
to the GMPTS were rejected by later authors including Woodburne et al. because they 
were made under the incorrect assumption that no unconformities were present 
(Raigemborn et al., 2010; Woodburne et al., 2014a).  
 Clyde et al. (2014) correlated the Peñas Coloradas Formation, which at its coastal 
outcrop contains Carodnia Zone typifying fossils, to Chron C26r, based on the three U-
Pb dates (see section 3.1.1.3.) averaging 61.984 ± 0.041 Ma and on the reversed polarity 
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of the whole formation (i.e., Marshall et al., 1981), which is 62.22-59.24 Ma in the 2012 
GMPTS (Gradstein et al., 2012). Woodburne et al. (2014b) agreed with the older age 
inferred by Clyde et al. (2014), but noted that the Peñas Coloradas Formation is 
diachronous and younger by the coast, where the Carodnia Zone fossils are found, than it 
is at Sarmiento where the 61.98 Ma average age was reported by Clyde et al. (2014). 
Woodburne et al. (2014b) therefore interpreted the maximum age for the Carodnia Zone 
to be about 62 Ma, but point out that its youngest extent is still undated. Because only a 
single, reversed polarity, magnetic zone (representing Chron C26r, see Clyde et al., 2014; 
Marshall et al., 1981; Woodburne et al., 2014b) has been recorded for this biochron, we 
estimate the span of the Carodnia Zone at approximately 62-61.25 Ma.  No other 
reported mammal faunas occupy this time period in South America; for this reason, and 
its faunal distinctness (Gelfo et al., 2009) the Carodnia Zone may indeed represent a 
potentially faunally and temporally distinct unit, i.e. a SALMA. 
 
3.1.2. Eocene 
The Eocene has been, and remains, one of the most poorly constrained temporal 
intervals in the South American terrestrial record, although recent work substantially 
improved this situation. Kay et al. (1999) reported new 40Ar/39Ar, 40K-40Ar, and magnetic 
polarity stratigraphy data from the classic sequence at the Gran Barranca of Argentina.  
Those results provided the first reliable numerical ages for Eocene sequences, yielding 
markedly different age estimations for Eocene SALMAs than earlier unconstrained 
studies had suggested.  For example, the Casamayoran SALMA was long considered to 
be early Eocene in age (roughly 55-50 Ma) and the Mustersan SALMA to be middle 
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Eocene (ca. 45-40 Ma) (see Flynn and Swisher 1995), but both were considered to be 
much younger by Kay et al. (1999; 37-35 Ma and 35-32 Ma, respectively), a view 
supported by the discovery and time-calibration of the early Oligocene Tinguiririca 
Fauna and new Tinguirirican SALMA (see Flynn et al. (2003) and references therein). In 
addition, analyses underway in volcaniclastic strata of the Chilean Andes and elsewhere 
have the potential to substantially refine age estimates for some South American Eocene 
mammal assemblages. 
 These first radioisotopic ages for Eocene SALMAs greatly altered prior 
conceptions of correlations and provided evidence for substantial temporal gaps in the 
early-middle Eocene record from Patagonia (unless the Vacan subage of the 
Casamayoran is markedly longer than typical subages or ages). However, this new age 
estimate for the Casamayoran helps resolve an earlier discrepancy between South 
American and Antarctic assemblages, as placental and marsupial mammals from the La 
Meseta Formation, Antarctic peninsula, had been considered to be late Eocene in age, 
whereas their most similar comparators in South America were of Casamayoran age and 
thought to be early Eocene.  
Recent work by Cerdeño et al. (2008) provides compelling evidence for resolving 
the long-standing confusion about the age and validity of the Divisaderan SALMA, 
concluding that the putative typifying assemblage instead represents a mix of faunal 
elements of widely different ages (Deseadan and Casamayoran) and that the Divisaderan 
therefore should no longer be recognized. 
The direct superpositional relationship of the upper Salamanca Formation, the Río 
Chico Group, and the Sarmiento Group observable in the Golfo San Jorge Basin provides 
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the basis for the chronologic order of these mammalian faunal zones and correlative 
faunas (with the host lithologic units in parentheses): “Peligran” (BNI), Carodnia Zone 
(Peñas Coloradas Formation), Kibenikhoria Zone/Itaboraian SALMA (Las Flores 
Formation), Ernestokokenia Zone/Riochican SALMA (Koluel Kaike Formation), and 
Casamayoran SALMA (Salamanca Formation). The remaining fundamental question is 
the numerical ages of these biochronologic units, which seems to hinge on recognition or 
rejection of unconformities separating them. The magnetostratigraphic correlations of 
Marshall et al. (1981, 1997) considered this succession continuous; at the other extreme, 
Bond et al. (Bond et al., 1995) equated the discontinuities in this sequence to major 
marine transgressions and episodes of biotic turnover, as a way of explaining the apparent 
alignment – “harmonic correspondence” – between faunal zones and formations 
separated by unconformities. It now is clear that the succession contains a number of 
disconformities or hiatuses, and that the contact between the Río Chico Group and the 
Salamanca Formation is transitional (Medeiros and Bergqvist, 1999; Raigemborn et al., 
2010; Sant'Anna and Riccomini, 2001; Sant'Anna et al., 2004; Woodburne et al., 2014a). 
Therefore, the abovementioned four biochronologic intervals (“Peligran”, Itaboraian 
SALMA, Riochican SALMA, Casamayoran SALMA), at least as represented in the Río 
Chico Group, may span the entire Eocene, but the precise durations and ages of the 
boundaries between them are uncertain because each unit is separated from the next by a 
hiatus. The implication for our SALMA timescale is that there remain a number of 
temporal gaps in the Eocene land mammal record, which represent unsampled time, 




3.1.2.1. Itaboraian SALMA: The Itaboraian SALMA is typified from fossils in 
fissure-fill deposits in freshwater travertines at São José de Itaboraí, Estado do Rio de 
Janeiro, Brasil. The fossil mammal fauna was interpreted as post-Cretaceous in age based 
on stage-of-evolution of fossil mammal taxa and gestalt, and in the absence of 
radioisotopic dates the fauna was considered to be “medial Paleocene” in age 
(Woodburne et al., 2014a). The Itaboraí Fauna has been correlated to Simpson’s (1935) 
Kibenikhoria Zone (Bonaparte et al., 1993; Bond et al., 1995; Flynn and Swisher, 1995; 
Pascual et al., 1992b), which Woodburne et al. (2014a) considered to span the entire Las 
Flores Formation (the middle formation of the Río Chico Group).  
Marshall et al. (1981) obtained normal polarity magnetostratigraphic data for the 
Las Flores Formation; the correlation to the GMPTS from Marshall et al. (1981) is not 
followed here (see rationale in section 2.2.1, with reference to the Carodnia Zone). Flynn 
and Swisher (1995) correlated the normal polarity part of the Itaboraian SALMA (the 
upper part) to C26n, but new correlations have also been made to Chron C24n 
(Woodburne et al., 2014a) and to Chron C23n (Woodburne et al., 2014b). The upward 
revision to Chron C23n made by Woodburne et al. (2014b) was based on their new high-
precision 40Ar/39Ar date of 49.512 ± 0.019 Ma, the average of thirteen alkali-feldspar 
grains obtained from the Las Flores Tuff, which overlies the Itaboraian-aged fossil levels 
at Las Flores, providing a weak minimum age for the Itaboraian SALMA.  
 Marshall et al. (1997) set forth a calibration for Paleocene SALMAs based 
predominantly on sequence stratigraphic interpretations of formations yielding Paleocene 
mammals in the southern Andean basin of Bolivia and northwestern Argentina, and 
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correlation to global eustatic sea level curves. On this basis, they correlated the Itaboraí 
Fauna to a lowstand occurring from 58.3-56.5 Ma. Woodburne et al. (2014a) considered 
this correlation spurious because Itaboraí travertines were formed in a freshwater setting, 
and because the geology of that basin is more consistent with local tectonic control than 
eustatic (Medeiros and Bergqvist, 1999; Sant'Anna and Riccomini, 2001; Sant'Anna et 
al., 2004; Woodburne et al., 2014a). Medeiros and Bergqvist (1999) estimated the age of 
the Itaboraian mammal fauna at about 53 Ma, on the basis of a 40K-40Ar date of 52.6 ± 
2.4 Ma from an overlying basalt (Riccomini and Rodrigues-Francisco, 1992). 
Raigemborn et al. (2010), in their stratigraphic revision of the Río Chico Group, 
considered the Las Flores Formation to be equivalent to the Kibenikhoria Zone, and 
based their age assignment for the Las Flores Formation and the Kibenikhoria Zone on 
earlier assessments that considered the correlative Itaboraian to be latest Paleocene to 
early Eocene in age based on magnetostratigraphic correlations (Bellosi and Madden, 
2005; Marshall et al., 1997). Gelfo et al. (2009) conducted faunal similarity parsimony 
analyses, which placed the Itaboraian at the base of a cluster of SALMAs that also 
contained the Riochican, Vacan subage, and Barrancan subage, suggesting to them that 
the Itaboraian SALMA is early Eocene in age.  
Considering all these data, the potential age range of the Itaboraian SALMA is 
most of the late Paleocene through early Eocene, a span of some ten million years. 
However, only one of the potential correlations of the one reversed, followed by one 
normal, polarity interval can be correct. If the Las Flores Formation does conformably 
contact the Peñas Coloradas Formation, then the dates for the “Carodnia Zone” obtained 
by Clyde et al. (2014) are the best available constraint on the maxiumum age for the 
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Itaboraian SALMA. Dates from tuffs overlying the Itaboraian fossils either at the 
SALMA-typifying locality of Itaboraí or in Chubut Province, Argentina, are the best 
available constraints for the minimum age of the Itaboraian. On this basis, we correlate 
the normal polarity interval measured at Las Flores to Chron C26n, constraining the 
Itaboraian SALMA to a core range of about 59.5 – 59 Ma, while noting that the data are 
permissive of any age from 61 – 51 Ma. 
 
3.1.2.2. Riochican SALMA: The upper part of the Río Chico Group, the Koluel 
Kaike Formation, contains the Ernestokokenia Zone (Simpson, 1933) which is the basis 
for the Riochican SALMA (Legarreta and Uliana, 1994; Woodburne et al., 2014a; 
Woodburne et al., 2014b). The Koluel Kaike Formation is separated from the underlying 
Las Flores Formation and the overlying Sarmiento Group by unconformities, assigned 
ages of approximately 51 Ma and 45 Ma, respectively, by Woodburne et al. (2014a). In 
the same paper, they correlated the Riochican to Chron C22r, which would constrain this 
SALMA to about 49.4-50.6 Ma. 
Our revised, late early Eocene age presented here for the Riochican SALMA, of 
approximately 49.75-48.5 Ma, contrasts with earlier work placing this SALMA in the 
mid-late Paleocene through earliest Eocene (Bonaparte et al., 1993; Flynn and Swisher 
1995; Marshall et al., 1981). Marshall et al. (1981) correlated the Riochican SALMA to 
chrons C26r through C25n, which is equivalent to about 57-62.25 Ma. The older extent 
of this magnetic correlation was disputed by Bonaparte et al. (1993) when they described 
the typifying “Peligran” fauna from the basal part of the Río Chico Group (the BNI); the 
unconformity between the Salamanca Formation and the Río Chico Group could 
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encompass an indeterminate amount of time and an entire missing normal polarity 
interval, making the “Peligran” some amount older than it would be under the assumption 
that the succession was continuous, that is, suggesting that the BNI and the rest of the top 
of the Salamanca Formation should be correlated to Chron C27r, at about 62.5 Ma. FS95 
agreed with this logic, placing the Riochican at about 56 Ma based on the 
magnetostratigraphy of Marshall et al. (1981), and correlating the reversed polarity zone 
from the Salamanca Formation to Chron C27r. 
  
3.1.2.3. “Sapoan”: Tejedor et al. (2009) summarized dates from the Paso del 
Sapo area of western Argentine Patagonia, constraining the age of the Paso del Sapo 
Fauna, representing an interval termed the “Sapoan” and hypothesized to represent a 
“possible new biochronological unit.” Tejedor et al. (2009) also proposed that the 
“Sapoan” may be correlative in time with Eocene mammals from the La Meseta 
Formation in the Antarctic Peninsula (see: Archangelsky, 1974; Gosses et al., 2006; 
Mazzoni et al., 1991; Wilf et al., 2003). The “Sapoan” is known from assemblages from 
two localities, laterally separated by a few kilometers and interpreted as stratigraphically 
superposed, Laguna Fría and La Barda. These assemblages are bracketed by 40Ar/39Ar 
dates of  49.51 ± 0.32 and 52.05 ± 0.32 Ma, below the Laguna Fría locality, and 47.89 ± 
1.21 Ma, between the two fossiliferous levels/localities (Gosses et al., 2006). There is 
also a 40K-40Ar date of 58.6 Ma (Archangelsky, 1974) for the tuff underlying both 
fossiliferous levels, and a series of 40K-40Ar dates from tuffs and ignimbrites in the 
region, but the relationship of those to the “Sapoan” fossils is unclear (Mazzoni et al., 
1991). All of this was interpreted by Tejedor et al. (2009) as constraining the La Barda 
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fossil assemblage as between 45-47 Ma, and the Laguna Fría assemblage as about 49.5 
Ma—if these do indeed represent a single, new biochronologic interval, informally 
referred to here as “Sapoan,” its core age range would be at least 48.5-47.5 Ma and at 
most (based on the lack of upper constraints on the “Sapoan” and the lack of lower 
constraints on the Vacan subage of the Casamayoran) 49.75 Ma to as young as 45 Ma. 
The latter temporal span implies almost complete overlap with the Riochican SALMA. 
The currently described “Sapoan” taxa also are more similar to those from Riochican and 
Itaboraian faunas than those of Casamayoran or later SALMAs. So, chronological as well 
as taxic overlap suggests that the “Sapoan” may in fact be a regional ecological variant of 
Riochican faunas, and thus may be synonymous with and included within the Riochican 
SALMA, rather than representing a distinct SALMA.   
 
3.1.2.4. Casamayoran SALMA: Vacan Subage: The Casamayoran SALMA has 
been recognized as containing two discrete subages, the Vacan and the Barrancan 
(Bellosi and Krause, 2014; Cifelli, 1985; Iglesias et al., 2007; Ré et al., 2010a; Ré et al., 
2010b). The Vacan is based on fossil faunas in the Cañadon Vaca Member of the 
Sarmiento Formation, exposed at its namesake locality, Cañadon Vaca, as well as nearby 
at the Gran Barranca in Patagonian Argentina. There are no radioisotopic dates for the 
Vacan. Carlini et al. (2005) assigned it a mean age of 45 Ma, based on the notion that, by 
definition, the Vacan is older by some amount of time than the Barrancan, since Vacan 
assemblages superpositionally underlie and differ taxonomically from Barrancan 
assemblages. More rigorously, based on stratigraphy and published sedimentation rates, 
radioisotopic dates and magnetostratigraphy from the Gran Barranca (Dunn et al., 2013; 
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Ré et al., 2010a), Bellosi and Krause (2014) estimated an age range for the Vacan of 
46.9-43.1 Ma. These authors recognized that the minimum age could be as young as 41.9 
Ma, the maximum recorded age of the Barrancan, but based on relative paleosol 
development and their observation that Cañadon Vaca faunas are more similar to 
Riochican than to Barrancan faunas (and despite the unconformity between the Río Chico 
Group and Sarmiento Formation, and the transitional Cañadon Vaca-Gran Barranca 
members contact at Cañadon Vaca), they preferred a slightly older age for the end of the 
Vacan. Since determining temporal span from relative paleosol development can be 
problematic, and there are no direct radioisotopic age constraints for the Vacan, we 
conservatively constrain the Vacan subage to be no younger than about 44 Ma.  
Barrancan Subage: In contrast to the Vacan, the Barrancan subage of the 
Casamayoran is relatively well constrained geochronologically. Kay et al. (1999) 
correlated the Barrancan fossiliferous levels at the Gran Barranca to Subchron C16n.1r or 
Chron C16r,  anchored by a 40Ar/39Ar date of 36.01 ± 0.44 Ma from the Mazzoni Tuff. 
This tuff occurs within the fossiliferous zone of the Gran Barranca Member of the 
Sarmiento Formation. In the GMPTS Kay et al. (1999) used (Berggren et al., 1995), 
Chron C16r is 36.341 – 36.618 Ma, and Subchron C16n.1r is 35.526 – 35.685 Ma. This 
was the first suggestion that the Casamayoran SALMA was younger than early Eocene;  
however, Kay et al’s (1999) dates are probably an underestimate of the minimum age of 
the Casamayoran, in part because of the recognition of numerous hiatuses in the section 
between the dated level and Barrancan-aged fossils (see discussion in Flynn et al., 2003). 
The most recent update on the age of the SALMAs superposed at the Gran 
Barranca of Patagonian Argentina (Dunn et al., 2013) is in broad agreement with prior 
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work on that locality (Dunn et al., 2013; Madden et al., 2010), although there are some 
important revisions to SALMA age calibrations. Dunn et al. (2013) obtained U-Pb dates 
from nine tuffs along six profiles at the Gran Barranca, and added them to existing 
magnetostratigraphy and argon geochronology data (Ré et al., 2010a; Ré et al., 2010b). 
Simpson’s Y Tuff, occurring in the middle of strata bearing Barrancan fossils, was U-Pb 
dated at 39.861 ± 0.037 Ma by Dunn et al. (2013). Dunn et al. (2013) estimated the age of 
the Barrancan levels at the Gran Barranca as between 41.7 and 39.0 Ma, correlating the 
Ré et al. (2010b) magnetostratigraphy (one reversed magnetic polarity interval and one 
normal in continuous succession) to Chrons C19r-C18n.2n. 
The Contamana Fauna of Peru is the only independently dated, Eocene-aged 
fauna outside of Patagonia. Antoine et al. (2012) correlated the Contamana Fauna to the 
Barrancan (Casamayoran) subage-Mustersan SALMA on the basis of shared genera of 
armadillos, marsupials, and notoungulates with those two biochrons, and in particular on 
the relatively primitive (brachydont) stage of evolution of the notoungulate teeth, all of 
which supported a pre-Tinguirirican age for the Contamana Fauna. Antoine et al. (2012) 
also obtained one relatively low-precision 40Ar/39Ar date of 43.44 ± 2.5 Ma from 47 
meters above the fossiliferous section at Contamana, implying the earliest age for the 


















































































































































































Figure 2.4. Radioisotopic age data and magnetostratigraphic correlations for latest 
Eocene and Oligocene SALMAs (including subages and various non-SALMA zones). 
White boxes are core ranges that are constrained by high-precision data, hachured areas 
are ranges permitted by the available data. Circle = date within, or correlated within, 
fossiliferous levels of units bearing particular SALMA assemblages. Arrows = dates from 
levels bracketing fossils; squares = dates from levels between two superposed SALMA 
levels. Colors indicate analytical method: black = U-Pb; blue = 40Ar/39Ar; grey = fission-
track; red = 40K-40Ar. Error bars are 2-sigma; where no error bars are shown, they are 
shorter than the radius of the circle. Numbers indicate multiple analyses of the same or 
nearly the same age. Magnetostratigraphic correlations are shown to the magnetic 
polarity timescale (GMPTS) of Gradstein et al. (2012). Record = magnetostratigraphic 




3.1.2.5. Mustersan SALMA: Dunn et al. (2013) expanded the results from Ré et 
al. (2010a; 2010b) and obtained an additional U-Pb date from the El Rosado Tuff within 
the Rosado Member of the Sarmiento Formation at the Gran Barranca of Patagonian 
Argentina, which yielded an indeterminate age that they reported as “≤ 38.03” Ma.  
Based on this weakly supported age estimate, not associated with published analytical 
data, they correlated the Rosado Member, which bears a Mustersan assemblage and is 
entirely of normal polarity, to either Chron C17n.3n or C18n.1n, implying a maximum 
age of about 38 Ma for the Mustersan.  
The highest occurrence of Mustersan fossils at the Gran Barranca is as yet 
unknown, but Dunn et al. (2013) assumed that it is somewhere below the Bed 10 Tuff 
(citing Bond and Deschamps, 2010), from which they obtained a U-Pb date of 37.000 ± 
0.014 Ma, suggesting a temporal span for the Mustersan of 38-37 Ma. The uppermost 
occurrence of Mustersan fossils at the Gran Barranca is unconstrained by geochronologic 
data, however, so the normal polarity interval of the Rosado Member could be correlated 
to any normal interval within Chrons C17, C16, or C15. Thus the data are permissive of a 
minimum age as young as about 35 Ma for the Mustersan SALMA. 
Another site relevant to radioisotopically constraining the age of the Mustersan 
SALMA is within the Geste Formation of the central Argentine Andes, where a 
?Mustersan aged fauna has been reported, associated with detrital zircon U-Pb dates of 
35.4 ± 0.55, 35.9 ± 6.4, and 37.3 ± 1.5 Ma (DeCelles et al., 2007; Goin et al., 1998; 
Pascual, 1983; Reguero et al., 2008). This is consistent with data from the Gran Barranca, 
and permissive of a minimum age for the Mustersan SALMA of as young as ca. 35 Ma. 
 44 
We therefore assign the Mustersan SALMA a core range of 38.4-35.4 Ma and a broader 
potential range of about 38.5-35 Ma.   
Flynn et al. (2012) reported that the oldest of at least three faunal levels at Los 
Queñes in the Teno River valley of central Chile is likely of Mustersan age (initially 
reported by Wyss et al., 2004 [SVP abstract] as pre-Tinguirirican); this diverse and well-
preserved fauna is currently under study and has yielded high-precision radioisotopic 




3.1.3.1. Tinguirirican SALMA: The Tinguirirican was included as an informal 
unit mentioned in FS95, dated to around the Eocene-Oligocene boundary by Wyss et al. 
(1993), constrained to occur biochronologically between the Mustersan and Deseadan 
SALMAs by Wyss et al. (1994), confirmed as distinct from those bracketing SALMAs 
and from the “Divisaderan” assemblage by Charrier et al. (1996), and formalized as a 
new SALMA by Flynn et al. (2003). High-precision 40Ar/39Ar dates directly associated 
with the typifying Tinguirirican fauna of 31.65 ± 0.32 and 31.34 ± 0.17 Ma, as well as 
underlying K-Ar  dates of 31.5 ± 1.0, 31.4 ± 1.0, and 35.6 ± 0.9 (Wyss et al., 1990) and 
40Ar/39Ar dates of 34.0 ± 1.3, 34.5 ± 1.3, 36.22 ± 0.19, 37.67 ± 0.31, and 37.22 ± 0.85 Ma 
(Wyss et al., 1990; Charrier et al., 1996; Wyss et al., 1993a,b), constrain this SALMA to 
be early Oligocene in age (~31.5 Ma), currently the earliest known Oligocene temporal 
interval preserved in the South American mammal fossil record. The bracketing 
radioisotopic dates indicated that this SALMA could span as much as 31-37.5 Ma or 
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more, but the fossiliferous horizons in the typifying sequence at Tinguiririca fall within a 
single normal polarity interval and preserve a narrow range of radioisotopic dates from 
within the fossil-bearing levels, indicating that it is more likely to have been of short 
duration (possibly less than 2 Myr, spanning roughly 31-33 Ma; Flynn et al., 2003). The 
Tinguirirican SALMA appears to capture a pivotal moment in mammalian evolution: 
Flynn et al. (2003) defined the SALMA on the basis of the first stratigraphic occurrences 
of multiple taxa, including caviomorph rodents, several families of notoungulates, and 
some marsupials, as well as the last stratigraphic occurrences of polydolopid marsupials, 
indalecines, and at least three other families of notoungulates.   
Correlative faunas to the Tinguirirican are known from several other areas in 
Argentina and Chile (see Flynn et al. 2003, 2012) including those associated with dated 
horizons in at Gran Barranca. Re et al. (2010a,b) obtained 40Ar/39Ar dates and 
magnetostratigraphic data from tuffs bracketing the La Cancha Fauna, with the tuff 
directly below yielding dates of 30.15 ± 0.34, 28.30 ± 0.46, and 33.91 ± 0.10 Ma. 
Re et al. (2010b) interpreted the Tinguirirican SALMA at Gran Barranca as no younger 
than 33.26 Ma on the basis of magnetostratigraphy. Although it is possible that the 
Tinguirirican localities at the Gran Barranca represent a slightly older time, the faunas are 
similar and age ranges (including analytical error bars) and magnetostratigraphic data 
from faunal-bearing and bracketing units in both areas are consistent with the two 
representing approximately the same time interval, spanning a period of some 2.5 million 
years between about 33.5 and 31 Ma for the Tinguirirican SALMA, with a potential 
range to as old as 33.75 Ma. 
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It is noteworthy that even with additional dating of faunas from outside the 
typifying area, there are no radioisotopic dates of Eocene age directly associated with any 
horizon bearing a Tinguirirican mammal assemblage (late Eocene dates are only from 
underlying, bracketing horizons, which provide a maximum age limit), providing strong 
evidence that the Tinguirirican SALMA postdates the Eocene/Oligocene boundary and is 
entirely early Oligocene in age. 
 
3.1.3.2. Deseadan SALMA: The Deseadan SALMA is represented, at its type 
locality and other localities in Chubut and Santa Cruz provinces, southern Argentina; at 
Salla, Bolivia; and at Moquegua, Peru. Deseadan faunas at different localities yielded 
variable but broadly similar ages. Marshall and colleagues, over a period of several years, 
dated a number of sites in eastern Patagonia: Pico Truncado was the oldest, with a 
minimum age of 33.6 Ma, Deseadan levels at the Gran Barranca and Valle Hermoso were 
both capped by basalts dated in the range of 29 Ma, and 40K-40Ar dates from near the base 
of the pocket fauna at Scarritt Pocket and from lava flows above bracketed it as 23.5-21.0 
Ma (Marshall et al., 1977; Marshall et al., 1986a). MacFadden et al. (1985) exhaustively 
described the stratigraphy of fossiliferous levels and lavas at Salla. Magnetostratigraphy 
and 40K-40Ar dating constrained the maximum age of the Deseadan there as no younger 
than 26.5 Ma, and its minimum age as no older than 24.8 Ma (MacFadden et al., 1985).  
FS95 placed the lower boundary of the Deseadan at no older than 32-31 Ma, 
based on 40K-40Ar dates and magnetostratigraphy from Patagonia and Bolivia, 
(MacFadden et al., 1985; Marshall et al., 1977; Marshall et al., 1986a) as well as on dates 
from the (then) newly discovered Tinguiririca Fauna in the Central Andes of Chile. Dates 
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from Tinguiririca (discussed in detail in section 2.3.1) require the Deseadan to be no 
older than about 32-31 Ma. In forming this conclusion, FS95 rejected some of the older 
40K-40Ar dates from Argentine Deseadan faunas, including the 33.6 Ma date from Pico 
Truncado (Marshall et al., 1986a).  
Kay et al. (1998) compiled previously published ages for rocks associated with 
Deseadan age faunas in Bolivia (Hayashida and Danhara, 1985; MacFadden et al., 1985; 
Naeser et al., 1987), and reported new 40Ar/39Ar dates from six tuffs in the Salla Basin 
(Bolivia). They compared different correlations of the Salla section to the magnetic 
polarity timescale from Berggren et al. (1995), with the Salla magnetic polarity 
chronology including reversal data from McRae (1990), which lead Kay et al. (1998) to 
correlate the reversed-poarity part of the Salla section to Chron C10r, implying an age as 
old as 29.4 Ma. Although they carefully discussed magnetic correlations of the upper part 
of the Salla section, they did not address the apparent inconsistency between isotopic 
dates and magnetostratigraphic correlation ages (Kay et al., 1998). Kay et al. (1998) 
rejected the correlation of dates obtained by Marshall et al. (1986a) from the Gran 
Barranca to the Deseadan, because the dated strata are not confidently correlated to beds 
containing a Deseadan fauna. They also rejected assignment of the older of the two dates 
that Marshall et al. (1986a) obtained at Pico Truncado (33.6 ± 0.4 Ma) to the Deseadan, 
because this dated tuff lies below the beds containing Deseadan fossils at this locality, a 
conclusion echoing the sentiments of FS95. 
More recently, Dunn et al. (2013) obtained U-Pb dates from tuffs bracketing 
Deseadan-aged faunal levels in the Upper Puesto Almendra Member of the Sarmiento 
Formation at the Gran Barranca. The magnetochronology of Ré et al. (2010b)  correlated 
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the Deseadan fossil levels to Chrons C12n-C8n.1n, or roughly 31-25.4 Ma. Dunn et al. 
(2013) obtained U-Pb dates from two tuffs bracketing the Deseadan-aged fossils, the 
Cantera Tuff and the Carbon Tuff, reported as ≤30.77 and ≤23.13, respectively, ages that 
are congruent with the Ré et al. (Ré et al., 2010a; Ré et al., 2010b) magnetostratigraphic 
correlations.  
Shockey et al. (2009) obtained a single 40Ar/39Ar date of 26.25 ± 0.10 Ma from a 
horizon between two Deseadan fossil levels in the lower Moquegua Formation, Peru, and 
Vucetich et al. (2014) obtained a U-Pb date of 27.2 ± 0.54 Ma from LGM 83-14 Tuff, 
which occurs within a Deseadan-aged fossil quarry at Scarritt Pocket, Chubut Province, 
Argentina (dated previously by Marshall et al. (1986a) at 23.5 ± 3.6 Ma). 
Vucetich et al. (2014) followed the Dunn et al. (2013) interpretation of the 
Deseadan SALMA as spanning 30 to 24 Ma, with regional variation in both age and 
faunal composition, and Scarritt Pocket Fauna being early Deseadan-aged.. Vucetich et 
al. (2014) also attempted to revise the debate over the age of the Deseadan faunas at 
Scarritt Pocket, interpreting the age data as supporting a division into lower and upper 
levels at that locality, with separate older and younger Deseadan-aged faunas. Vucetich et 
al. (2014) stated that, “[s]ome authors suggested that two Deseadan faunas could be 
represented in the beds of Scarritt Pocket… Marshall et al. (1986b) obtained 18 40K-40Ar 
dates on the basalts of this [younger] sequence, which yielded ages between ca. 28 and 
ca. 21 Ma. By their interpretation, the fossil-bearing levels occur in the interval between 
23.4 and 21 Ma. However, Flynn and Swisher (1995) mention without further 
substantiation that new 40Ar/39Ar analyses from aliquots of the same sample collected by 
Marshall et al. (1986b) yielded values between 27 and 29 Ma.” The reference by 
 49 
Vucetich et al. (2014) to Marshall et al. (1986b) for the original Pico Truncado and 
Scarritt Pocket dates is erroneous; that article is about geochronology of late Miocene-
Pliocene formations in western Argentina. Assuming that the intent of Vucetich et al. 
(2014) was to reference Marshall et al. (1986a), this statement nevertheless remains 
problematic in its implication that the analytical data from Marshall et al. (1986b) conflict 
in some way with the dates mentioned by Flynn and Swisher (1995), which they do not. 
On the basis of the re-evaluation of Argentine dates cited by FS95 and the high-
precision analytical dates generated post-1995 and discussed above, the Deseadan 
SALMA across the continent appears to fall consistently between about 29 Ma and 25.5 
Ma, with a potential range of between 30.5 and 23.5 Ma (in FS95, see: Pico Truncado 
(MacFadden et al., 1985; Marshall et al., 1977; Marshall et al., 1986a; Marshall and 
Pascual, 1978; Marshall and Sempere, 1993), Gran Barranca (Cifelli, 1983; Marshall et 
al., 1977; Marshall et al., 1986a; Marshall and Pascual, 1978), and Scarritt Pocket 
(Marshall et al., 1986a)). The dates from Bolivia and Argentina overlap sufficiently such 




































































Figure 2.5: Age data for the Deseadan SALMA, by location. White boxes are core ranges 
that are constrained by high-precision data, hachured areas are ranges permitted by the 
available data. Circle = date within, or correlated within, fossiliferous levels of units 
bearing particular SALMA assemblages. Arrows = dates from levels bracketing fossils; 
squares = dates from levels between two superposed SALMA levels. Colors indicate 
analytical method: black = U-Pb; blue = 40Ar/39Ar; grey = fission-track; red = 40K-40Ar. Error 
bars are 2-sigma; where no error bars are shown, they are shorter than the radius of the 
circle. Numbers indicate multiple analyses of the same or nearly the same age. 
Magnetostratigraphic correlations are shown to the magnetic polarity timescale (GMPTS) 
of Gradstein et al. (2012). Record = magnetostratigraphic sections measured and 





The numerical ages of Neogene SALMAs have been much more tightly constrained than 
Paleogene units, as summarized in FS95. Subsequent work generally has refined or 
corroborated these temporal correlations, although a new Miocene stage-age (and related 
SALMA), the Laventan, was erected based on the low latitude La Venta fauna of 
Colombia (Kay et al., 1997) and there has been extensive revision of Plio-Pleistocene 
SALMAs since FS95. Available radioisotopic age data and magnetostratigraphies are 
summarized in Figure 2.6. 
 
3.2.1. Colhuehuapian SALMA: Colhuehuapian-aged fossils are found at a 
number of sites, including the Sarmiento Formation at the Gran Barranca, Argentina, and 
the Cura-Mallín Formation at Andacollo and Laguna del Laja, Chile. The FS95 
compilation placed the Colhuehuapian SALMA as between 21.2 and 19.2 Ma, based on 
biochronology of marine sequences conformably over- and underlying Colhuehuapian-
aged levels and also identified in conformable contact with Santacrucian and Deseadan-
aged levels. The observation of Flynn and Swisher (1995) that the available information 
was permissive of a temporal overlap between the Colhuehuapian and Santacrucian 
SALMAs seems to have been borne out by the more recent data assembled here. 
However, philosophically, SALMAs must represent temporally non-overlapping units, so 
we have arbitrated the overlap based on precision of individual data points and analytical 
methods (see sections 2 and 3). The first direct radioisotopic calibration of the 
Colhuehuapian comes from dates in Chile and Argentina; dates from the Chilean sites 
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suggest a slightly younger interval than the ones at the Gran Barranca, with means 
ranging from 19.8-19.25 Ma versus 20.89-19.94 Ma, respectively.  
The Cura-Mallín Formation at Andacollo yielded a 40Ar/39Ar date of 22.8 ± 0.7 
(Jordan et al., 2001), but since that unit does not include fossils there, we consider its 
correlation to the Colhuehuapian tentative, and do not include it in directly constraining 
the age of this SALMA. In contrast, 40Ar/39Ar dates from the Cura-Mallín Formation at 
Laguna del Laja are directly associated with or reliably correlated to fossil sites, the local 
stratigraphy is finely resolved, and fossil rodents and notoungulates provide reasonable 
basis for assignment of the various fossil levels to SALMAs from Colhuehuapian through 
Laventan (Flynn et al., 2008; Herriott, 2006; Shockey et al., 2012; Wertheim, 2007). 
These Laguna del Laja data together suggest an age range for the Colhuehuapian of at 
least 19.8-19.25 Ma.  
Shockey et al. (2012) described two new leontiniid notoungulates, one from the 
Cura-Mallín Formation (Tcm1) at Laguna del Laja, Chile, and one from Deseadan-aged 
strata at Pico Truncado in Argentine Patagonia. The Chilean leontoniid, Colpodon 
antucoensis, represents a northwesterly range expansion for Colpodon in southern South 
America, as well as a temporal extension for Colpodon (long considered a Colhuehuapian 
index taxon) into post-Colhuehuapian time. This temporal conclusion is based on 
associated faunal elements that suggest a post-Colhuehuapian age for this locality, and 
two 40Ar/39Ar dates bracketing the fauna and that are younger than ages for 
Colhuehuapian faunas at the Gran Barranca: 19.25 ± 1.22 Ma above, and 19.53 ± 0.60 
below. The only other described taxon besides Colpodon that occurs in the 
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Colhuehuapian levels at Laguna del Laja is Protypotherium, but because it has such a 
long temporal range, this is not helpful for faunal correlation. 
Magnetostratigraphic data obtained by Ré et al. (2010b) identified one reversed 
polarity and two normal polarity intervals in the Colhue-Huapi Member of the Sarmiento 
Formation, a section they interpret as continuously deposited and uninterupted by 
disconformities. Colhuehuapian fossils are found low in the Colhue-Huapi Member, in a 
normal polarity zone that Ré et al. (2010a, b) correlated to Chron C6An.1n, which in the 
Gradstein et al. (2004) and Luterbacher et al. (2012) GMPTs constrains the 
Colhuehuapian SALMA to between about 20.2-20.4 Ma. The upper normal polarity 
interval, correlated to Chron C6n, contains fossils correlated to the “Pinturan.”  
 Ré et al. (2010a) reported three 40Ar/39Ar dates from the Big Mammal Tuff, 
which is intercalated between Colhuehuapian fossil levels: 20.26 ± 1.4, 19.87 ± 0.66, and 
19.13 ± 0.34 Ma (2-sigma errors), which they averaged to an arithmetic mean of 19.75 
Ma. This average date of 19.75 Ma is not consistent with the sequence of dates from the 
same study from the other tuffs in the Colhue-Huapi Member, which are, from 
stratigraphically lowest to highest: Big Mammal, Basal (40Ar/39Ar dates 19.37 ± 0.16, 
21.09 ± 0.60, and 20.73 ± 0.52), Monkey (40Ar/39Ar dates 19.13 ± 0.32, 19.94 ± 0.56, 
19.54 ± 0.40, 19.24 ± 0.10, and 21.30 ± 0.56), and MMZ (40Ar/39Ar dates 18.53 ± 0.48 
amd 20.06 ± 0.24), although the Big Mammal Tuff was omitted from the summary figure 
in Ré et al. (2010a). However, the oldest individual 40Ar/39Ar date of 20.26 ± 1.4 is 
consistent with this order, and the arithmetic mean may be biased by the somewhat 
younger glass age (19.13 ± 0.34) relative to the two plagioclase ages. On this point, in 
general, reporting mean ages without error estimates is inappropriate, as they do not 
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reflect the dispersion of the individual dates that are averaged and they obscure 
distinctions such as noted above; in general, individual dates and details of the analytical 
process by which they were obtained are more useful. Dunn et al. (2013) also obtained a 
single U-Pb date of 20.89 ± 0.04 Ma for the Big Mammal Tuff, providing a high-
precision age constraint within the early Colhuehuapian SALMA. 
The Miocene-aged platyrrhine primate Chilecebus has been dated at 20.09 ± 0.27 
Ma, via 40Ar/39Ar analyses of plagioclase grains directly associated with the fossil (Flynn 
et al., 1995).  Preliminary assessment of other faunal elements in associated with 
Chilecebus suggested a Late Deseadan to Colhuehuapian SALMA assignment, consistent 
with the geochronologic calibrations for the Colhuehuapian noted above. 
Based on all of the available geochronologic evidence, the core range of the 
Colhuehuapian SALMA is conservatively estimated to span between 21 and 19.25 Ma. 
Dates outside the core range may permit an age as old as 23.5 Ma for the beginning of the 
Colhuehuapian. The younger boundary of the Colhuehuapian is more precisely 
constrained by the Santacrucian dates above it, hinging on the correlation of two 
continuous normal polarity intervals containing Colhuehuapian and “Pinturan” fossils at 
Gran Barranca to subsequent Chrons C6An.1n and C6n respectively, as well as on 
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Figure 2.6. Radioisotopic age data and magnetostratigraphic correlations for Neogene 
SALMAs (including subages and various non-SALMA zones). White boxes are core ranges 
that are constrained by high-precision data, hachured areas are ranges permitted by the 
available data. Circle = date within, or correlated within, fossiliferous levels of units 
bearing particular SALMA assemblages. Arrows = dates from levels bracketing fossils; 
squares = dates from levels between two superposed SALMA levels. Colors indicate 
analytical method: black = U-Pb; blue = 40Ar/39Ar; grey = fission-track; red = 40K-40Ar; 
yellow = 87Sr/86Sr Error bars are 2-sigma; where no error bars are shown, they are shorter 
than the radius of the circle. Numbers indicate multiple analyses of the same or nearly the 
same age. Magnetostratigraphic correlations are shown to the magnetic polarity timescale 
(GMPTS) of Gradstein et al. (2012). Record = magnetostratigraphic sections measured and 





3.2.2. Santacrucian SALMA: Flynn and Swisher (1995) reviewed then available 
data for the Santacrucian from its type locality, the Santa Cruz Formation, Santa Cruz 
Province, Argentina: integrative studies on paleomagnetics, biostratigraphy, and 
radioisotopic dates by Marshall et al. (1977; 1983; 1986), Bertels (1979), and Bown et al. 
(1988; 1993; 1995). The type locality of the Santacrucian is a handful of localities in the 
Santa Cruz Formation, mainly between Río Gallegos and Río Santa Cruz. Marshall et al. 
(1986c) obtained radioisotopic dates three sites: Karaiken and Monte León, from which 
they also reported fossils and stratigraphies, and at Rincón del Buque. Through synthesis 
of these data, FS95 constrained the Santacrucian SALMA to about 17.5 – 16.25 Ma.  
 The Santacrucian SALMA is represented across the southern half of the continent, 
from the faunas in the typifying Santacrucian localities of the Santa Cruz Formation and 
elsewhere in Patagonia, to several parts of the Cura-Mallín Formation in the central 
Chilean Andes (Laguna del Laja and Lonquimay), to the Chucal Fauna in northern Chile. 
 Blisniuk et al. (2005) used stable oxygen and carbon isotopes to study the 
paleoclimate, and thereby infer rates of uplift, in the Santa Cruz Formation. They also 
obtained 40Ar/39Ar dates from tuffs in the Santa Cruz Formation at its type locality in 
Santa Cruz, Blisniuk et al. (2005) obtained 40Ar/39Ar dates for the Santacrucian that range 
from 16.45 ± 0.25 to 18.15 ± 0.31, and dates from levels above Santacrucian-aged fossils 
of 15.51 and 14.24 Ma (Table 1), which constrain the age of the studied section to 
between about 22 and 14 Ma. The Santa Cruz Formation yields the faunas that form the 
basis for recognition of the Santacrucian SALMA, so these dates are especially relevant 
to its calibration.  
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 Tejedor et al. (2006) described a new primate from the Estancia La Costa Member 
of the Santa Cruz Formation at Killik Aike Norte, Santa Cruz Province. They obtained 
40Ar/39Ar dates from the lower of two tuffs exposed at this locality, the same tuff that 
yielded the primate fossil, of 16.45 ± 0.14, 16.5 ± 0.2, and 16.5 ± 0.3 Ma. They also made 
some geochemical comparisons (Ca/K  ratio, derived from 37Ar/39Ar ratio during dating) 
with potentially correlative formations, but drew no firm temporal conclusions. 
Croft et al. (2003) reported a record of the toxodontid Nesodon conspurcatus in 
the Río Pedregoso Member of the Cura-Mallín Formation. Nesodon is a diagnostic fossil 
for Santacrucian-aged faunas, providing compelling evidence in support of a 
Santacrucian age for this interval, as previously inferred from less age-diagnostic 
mammals recovered from this unit (Marshall et al. 1990, Suarez et al., 1990). Croft et al. 
(2003) cited two 40K-40Ar dates, of 13.0 ± 1.6 Ma and 17.5 ± 0.6 Ma, from the lacustrine 
sediments immediately overlying the alluvial-fluviatile sandstones in which the specimen 
was found (Suarez and Emparan, 1995; Suárez and Emparan, 1997). Suarez and Emparan 
(1995) reported 40K-40Ar dates from quartz andesites of the Guapitrío Member, and from 
tuffs and lavas in the Río Pedregoso Member, of the Cura-Mallín Formation in the 
Lonquimay area, Chile. According to Croft et al. (2003), the two dates from Suarez and 
Emparan (1995) that are definitely associated with fossils of Santacrucian age are 13.0 ± 
1.6 Ma (brecciated andesite, whole-rock) and 17.5 ± 0.6 Ma (tuff, biotite). The 13.0 Ma 
date was reported in Table 1 of Suarez and Emparan (1995) as from the Guapitrío 
Member, but in Figures 1 and 2 and in the text it was attributed to a brecciated 
porphyritic andesite within the Río Pedregoso Member. Presuming that the 13.0 Ma date 
is from the Río Pedregoso Member, then both dates overlie but are associated with the 
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Santacrucian age fossils from that member (Croft et al. 2003). The dates from the 
Guapitrío Member span a wide time range, from 22.0 ± 0.9 to 7.8 ± 0.8 Ma, overlapping 
those from the Río Pedregoso Member because the two members interfinger and are 
laterally contemporaneous in part (Suarez and Emparan 1995, Table 1 and Fig. 2). 
Volcanics overlying the Río Pedregoso Member in the Mitrauquen Formation and 
capping unnamed Pliocene volcanics have yielded ages of 3.5-8.0 Ma (error bars reported 
only for one 40K-40Ar date of 4.8 ± 0.5 Ma from the capping volcanics; Suarez and 
Emparan 1995, Table 1). 
40Ar/39Ar dates from levels in the Cura Mallín Formation at Laguna del Laja that 
are correlated to Santacrucian SALMA on the basis of their rodent and notoungulate 
faunas range from 16.40 ± 0.30 to 19.80 ± 0.40 (Flynn et al., 2008; Flynn et al., 2002; 
Luna et al., 2011; 2013; Herriott, 2006; Wertheim, 2007). Jordan et al. (2001) obtained 
40Ar/39Ar dates from the Cura-Mallín Formation, with the goal of understanding the 
tectonics of the southern Andes, between 33˚ and 45˚S latitude. These dates were cited by 
Flynn et al. (2008) as pertaining to the age of the Santacrucian SALMA, because as noted 
above the Río Pedregoso Member of the Cura-Mallín Formation contains age-diagnostic 
fossils that place at least part of this member in the Santacrucian (Croft et al., 2003). 
Jordan et al. (2001) also reported one 40Ar/39Ar date, 16.2 ± 0.2 Ma, from the Trapa 
Trapa Formation, which overlies the Cura-Mallín Formation, and is considered to be 
Friasian-Mayoan in age, or at least as young as the Mayoan (Flynn et al., 2008). 
Parras et al. (2012) and Cuitiño et al. (2015) measured 87Sr/86Sr ratios in bivalve 
shells from the Monte Leon, San Julian, and El Chacay formations, which underly, or are 
correlative to formations underlying, the Santa Cruz Formation in Santa Cruz Province, 
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Argentina. Parras et al. (2012) reported ages obtained by correlation of these ratios to the 
timescale of Gradstein et al. (2004) using the SIS Look-Up Table Version 4:08/04, and 
Cuitiño et al. (2015) used the Lookup Table of McArthur et al. (2001). The dates for 
these formations cluster tightly and constrain the marine formations underlying the Santa 
Cruz Formation to between 25.32 and 17.87 Ma (see Appendix).   
Fleagle et al. (1995) reviewed previous studies on the ages of the Santacrucian 
and a newly conceived “Pinturan” biochron, and obtained eight new 40Ar/39Ar dates from 
the Santa Cruz and Pinturas Formations ranging between 16.59 ± 0.59 and 16.16 ± 0.27 
Ma, and K-Ar dates of 16.58 ± 0.10, 16.43 ± 0.16, 17.76 ± 0.02, and 17.67 ± 0.16 Ma 
from the Pinturas Formation. They also reviewed magnetostratigraphic data from the 
Santa Cruz Formation at the same places, based on the physical stratigraphy and 
biostratigraphy from Bown and Fleagle (1993), correlating the Santa Cruz Formation 
magnetostratigraphy to range from late Chron C5Cr to late Chron C5Cn. In the magnetic 
polarity timescale of Cande and Kent (1992) that was used by Fleagle et al. (1995) Chron 
C5Cn is between 16.755 and 16.035 Ma, and in the updated timescale of Gradstein et al. 
(2012) is 16.721 to 15.974 Ma. They also stated that Santacrucian and “Pinturan” faunas 
can be distinguished on the basis of body size of palaeothentid marsupials. The K-Ar 
dates from Fleagle et al. (1995) for the “Pinturan” are similar to the 40Ar/39Ar dates for 
the Santacrucan at Laguna del Laja and Lonquimay: 17.40 ± 0.50, 17.70 ± 0.25, 17.84 ± 
0.24, 18.00 ± 0.30, 17.90 ± 0.40, and 17.50 ± 0.40 Ma from levels ascribed to the 
Santacrucian SALMA at Laguna del Laja (Herriott, 2006; Wertheim, 2007), 17.5 ± 0.6 
Ma from the Santacrucian at Lonquimay (Croft et al., 2003). The “Pinturan” is discussed 
further below, and isotopic age data are displayed in Figure 2.7. 
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Flynn et al. (2002) detailed a diverse new Santacrucian mammal assemblage, the 
Pampa Castillo Fauna, from Patagonia in the southern Chilean Andes. The Pampa 
Castillo terrestrial levels are underlain conformably by marine strata with an age estimate 
of Late Oligocene to Early Miocene (Frassinetti and Covacevich, 1999). Four 40K-40Ar 
dates from bracketing basalts are also quoted in Flynn et al. (2002), but these dates do not 
bear directly on the age of the Santacrucian SALMA.  
 Refining a broader range of potential SALMA correlations in the initial report 
(Flynn et al. 2002) of the Chucal Fauna from the Chilean Altiplano, Croft et al. (2004, 
2007) correlated the Chucal Fauna to the Santacrucian (based on the presence of Nesodon 
and Neoreomys, likely Santacrucian indicator taxa, and Hegetotherium cf. H. mirabile, a 
species that is known only from Santacrucian faunas), with 57% of the ungulates in 
common with Pampa Castillo and faunas from the lower part of the Santa Cruz 
Formation (Croft et al. 2004), but noted that the Chucal Fauna is somewhat depauperate 
relative to Patagonian Santacrucian assemblages likely due in part to habitat differences 
and biogeographic differentiation. Croft et al. (2004) broadly constrained the age of the 
Chucal Fauna to lie between about 17.5 and 22 Ma based on radioisotopic ages in the 
underlying Lupica Formation (40K/40Ar: 21.7 ± 0.8 Ma), near the base of the Chucal 
Formation (40Ar/39Ar: 18.79 ± 0.11 Ma), and in the overlying Quebrada Macusa 
Formation (17.5 ± 0.4 Ma, García 2001 [reported as 17.4 ± 0.4 Ma in Croft et al. 2004]). 
Based on these data, Croft et al. (2007) extended the age of the previously poorly 
constrained beginning of the Santacrucian SALMA from 17.5 Ma (in FS95) to as old as 
about 19 Ma. 
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Figure 2.7: Radioisotopic age data and magnetostratigraphic correlations for Santacrucian 
and “Pinturan.” White boxes are core ranges constrained by high-precision data, 
hachured areas are ranges permitted by all available data. Circles indicate dates within, or 
correlated to times within, fossiliferous levels of units bearing particular SALMA 
assemblages. Arrows indicate dates from levels bracketing fossils. Colors indicate 
analytical method: black = U-Pb; blue = 40Ar/39Ar; red = 40K-40Ar; yellow = 87Sr/86Sr. Error 
bars are 2-sigma; where no error bars are shown, they are shorter than the radius of the 


























































Summary for the Santacrucian SALMA: FS95 considered the Santacrucian 
SALMA to range between 17.5-16.3 Ma, based on all the independent geochronologic 
evidence (radioisotopic, magnetostratigraphic, marine biochronology) available at that 
time. Subsequent faunal discoveries and dating has refined that calibration.  For example, 
the Nesodon specimen described by Croft et al. (2003) was found in the lower part of the 
Cura-Mallín Formation at Lonquimay, approximately 200m below the tuffaceous level 
yielding an age of 17.5 ± 0.6 Ma; because Nesodon is a Santacrucian SALMA guide 
taxon, Croft et al. (2003) pointed out that the maximum age of this SALMA is somewhat 
older than previously estimated. This conclusion is supported by 40Ar/39Ar dates from 
other parts of the Cura-Mallín Formation, including two from Laguna del Laja (18.0 ± 
0.30 and 17.9 ± 0.40 Ma, Herriott 2006), an 40Ar/39Ar date of 18.15 ± 0.31 Ma from the 
Santa Cruz Formation, Argentina, the type locality of the Santacrucian SALMA (Blisniuk 
et al., 2005), as well as by the assignment of the Chucal Fauna from the Altiplano of far 
northern Chile to the Santacrucian SALMA together with the 40Ar/39Ar dates of 18.79 ± 
0.11 and 17.5 ± 0.4 Ma from that area, suggesting an age potentially as old as 19 Ma for 
the beginning of the Santacrucian (Croft et al., 2004; 2007). The 40K-40Ar date of 13.0 ± 
1.6 by Suarez and Emparan (1995) was obtained from the same part of the Cura-Mallín 
Formation about 200m above the 17.5 Ma date; here it is considered as only a constraint 
on the youngest possible age of the Santacrucian and thus is not used in estimating the 
age range of the Santacrucian SALMA.  Integration of the significant amount of 
information now available to date the Santacrucian places its its core age range between 
about 18 and 16 Ma.  
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3.2.3.  “Pinturan”: Debate over the existence of a discrete “Pinturan” 
biochronological interval, distinct from the Santacrucian SALMA, seems to be settled by 
the combination of geographic proximity, limited faunal distinctions between these units, 
and complete overlap of all available “Pinturan” dates with the ages of Santacrucian 
assemblages and the temporal span of the Santacrucian SALMA. Fleagle et al. (1995) 
reported 40Ar/39Ar dates bracketing the Pinturas Formation between 17.76 ± 0.02 and 
16.43 ± 0.16 Ma, temporally equivalent to the middle of the Santacrucian SALMA. A U-
Pb date from the CHW01-24.5 Tuff at the Gran Barranca of 19.041 ± 0.035 is eight 
meters below the earliest “Pinturan” fossils in the upper Colhue-Huapi Member of the 
Sarmiento Formation (Dunn et al., 2013).  
Kramarz et al. (2010) considered the assemblage at the top of the Gran Barranca 
to be distinct enough from both Colhuehuapian and Santacrucian assemblages to 
represent a slightly older time period than the typical Santacrucian, but stated that it could 
not yet be conclusively be called its own biochronological unit. They based these 
conclusions on comparison of the “Pinturan” fauna at the Gran Barranca to Santacrucian 
faunas from Santa Cruz, Lonquimay, Laguna del Laja, and Chucal, and to the typifying 
“Pinturan” locality in Santa Cruz Province, Argentina. 
 In their study of Gran Barranca geochronology, Dunn et al. (2013) considered the 
“Pinturan” as a distinct SALMA, citing Kramarz et al. (2010), but this recognition must 
be reinterpreted as tentative given Kramarz and colleagues’ own equivocal conclusions 
about the biochronologic status of the “Pinturan.” As the ages of “Pinturan” faunas 
completely overlap chronologically with the Santacrucian, we conservatively consider the 
“Pinturan” to be equivalent to the Santacrucian SALMA. Santacrucian and “Pinturan” 
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faunas have some taxic distinctions, but differences of a similar magnitude are also 
present among individual Santacrucian-aged faunas (Charrier et al., 2005; Croft et al., 
2004; Kramarz and Bellosi, 2005; Kramarz et al., 2010; Wertheim, 2007). Earlier 
SALMAs are mostly based on a single or few sites, whereas the Santacrucian is 
represented across much of South America, at least in the mid-high latitudes. Faunal 
differences between “Pinturan” and Santacrucian assemblages, therefore, should be 
attributed to geographic and environmental factors in the absence of substantive evidence 
for a chronologic explanation (temporal discreteness). 
 
3.2.4. Friasian SALMA: The name “Friasian SALMA” strictly applies only to 
the unit of time represented by a local fauna at Río Frías, Patagonia, but has been 
expanded at times to comprise Colloncuran + Friasian sensu stricto + Mayoan (Flynn et 
al., 2002; Kay et al., 1997; Kraglievich, 1930; Marshall, 1990; Marshall et al., 1983; 
Marshall and Salinas, 1990; Roth, 1908; Vucetich, 1984). For clarity’s sake, the Friasian 
SALMA is used herein to apply only to the Friasian sensu stricto. The Mayoan has been 
separated from the older Friasian and Colloncuran by the putatively intervening Laventan 
SALMA, even though Laventan faunas are known only from the tropics, not in higher 
latitudes in direct association with the classically recognized Miocene SALMAs typified 
in Patagonia, and could overlap temporally with classical SALMAs if distinct 
biochronologies are warranted due to substantially biotic provinciality across South 
America during parts or all of the Cenozoic. This proposed order of biochrons is 
consistent with the greater faunal similarity between Laventan and early-mid Miocene 
SALMAs than between the Santacrucian to Laventan SALMAs and the Mayoan, thought 
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to be reflective of faunal turnover coinciding with the beginning of the Laventan SALMA 
(Kay et al., 1997).  Despite faunal similarity between Friasian and late Santacrucian fossil 
assemblages, it is now clear that chronologic overlap between these two SALMAs is 
minimal or nonexistent (Flynn et al., 2002; Kay et al., 1997).  
 One of the most complete successions of superposed SALMA faunas is at Laguna 
del Laja, Chile, which includes a ?Friasian aged faunal level in the Cura-Mallín 
Formation, tentatively correlated to the Friasian SALMA on the basis of ungulate and 
rodent taxa and stratigraphically above Santacrucian and Colloncuran-aged fossils (Flynn 
et al., 2008; Wertheim, 2007). Many of the ?Friasian fossils at Laguna del Laja are 
endemic, so are not demonstrably equivalent to those from the type Friasian SALMA. 
Herriott (2006) reported a 40Ar/39Ar date of 16.40 ± 0.30 Ma from the ?Friasian level at 
Laguna del Laja.  
Croft et al. (2009) provided the most comprehensive faunal list for the early 
middle Miocene Cerdas Fauna (Friasian SALMA, sensu stricto) from the Bolivian 
Altiplano, detailing the presence of up to 12 mammal species, but this assemblage differs 
substantially from both older and younger faunas elsewhere in Bolivia and Patagonia.  
MacFadden et al. (1995) reported magnetostratigraphic data and correlation of the Cerdas 
section to between Chron 5Cn and Chron 5Bn, which in Cande and Kent’s (1992) 
timescale is about 16.75 – 15.25 Ma. MacFadden et al. (1995) also obtained 40Ar-39Ar 
dates of 16.358 ± 0.071, 16.305 ± 0.045, and 15.105 ± 0.073 Ma for Cerdas; these data 
were used by Croft et al. (2009) to calibrate the age of the Cerdas Friasian-aged fauna to  
between about 16.5 and 15.3 Ma and to constrain the terminal age of the Santacrucian 
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SALMA as older than 16.5 Ma. In summary, the core age of the Friasian SALMA is 
between 16 and 15.5 Ma, and its potential range is about 16.5 to 15.5 Ma. 
 
3.2.5. Colloncuran SALMA: Carrillo et al. (2014) compiled a SALMA timescale 
for the middle Miocene through Pleistocene of South America. They placed the 
boundaries of the Colloncuran and Laventan SALMAs at 15.7 - 14 Ma and 13.5 - 11.8 
Ma, respectively (Kay et al., 1997); the Mayoan and Chasicoan at 11.8 - 10 Ma and 10 - 
~8.5 Ma (Flynn and Swisher, 1995); the initiation age of the Huayquerian at ~8.5 Ma 
(Reguero and Candela, 2011; Tonni and Cione, 2001), and the ending age of the 
Huayquerian at 5.28 Ma (Tomassini et al., 2013). The Montehermosan, Chapadmalalan, 
and the initiation age of the Marplatan they estimated at 5.28-[4.5 to 5] Ma, 4.5-[5.0 to 
3.3] Ma, and 3.3 Ma, respectively (Tomassini et al., 2013).  The ending age of the 
Marplatan and the boundaries of the Ensenadan were placed at ~2.0 Ma and ~2.0-<0.78 
Ma (Cione and Tonni, 1999; Vucetich et al., 2007), and the Bonaerian and Lujanian were 
placed at <0.78 - 0.13 Ma and 0.13-0.08 Ma (Cione and Tonni, 1999). Despite this level 
of detail, not very much actual radioisotopic data were available to constrain Carrillo et 
al.’s (2014) timescale. The maximum age of the Colloncuran is constrained by reference 
to the termination age of the Santacrucian SALMA, and the minimum age of the 
Colloncuran is constrained by reference to the age of the Laventan SALMA (Flynn et al., 
1997; Madden et al., 1997; Kay et al., 1997).  
Herriott (2006) obtained two 40Ar/39Ar dates from faunal-bearing levels correlated 
to Colloncuran through as young as Mayoan in the Trapa Trapa Formation, Laguna del 
Laja, of 15.20 ± 0.20 and 14.50 ± 0.50 Ma. Friasian and Colloncuran faunas in that area 
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are dissimilar to the age-diagnostic faunas found elsewhere in South America, even in 
nearby Argentine Patagonia, due to unexpectedly high levels of endemism, so the precise 
SALMA to which these levels and dates pertain is unclear (for detail see section 2.4.2).  
Given these minimal constraints, we calibrate maximum potential age range of the 
Colloncuran SALMA as between 15.5 and 13.75 Ma (i.e. all time between the 
termination of the Friasian SALMA and the initiation of the Laventan SALMA), under 
the assumption that the Laventan SALMA is a continent-wide biochronologic unit. 
Assuming the abovementioned Herriott (2006) dates do pertain to the Colloncuran, they 
calibrate the core age range of this SALMA at between about 15.5 and 14 Ma.  
 
3.2.6. Laventan SALMA: The Laventan originally was defined as a formal 
chronostratigraphic/geochronologic Stage/Age, yet for various reasons, including 
potential biogeographic provinciality of low latitude assemblages, explicitly was not 
formally proposed as a SALMA that might be applicable across the continent (Madden et 
al. 1997). The phenomenon of provinciality in South American Cenozoic faunas, and the 
resulting geographically limited applicability of some biochronologic units, has been 
recognized for some time (see: FS95; Croft 2007) and is explored further in section 4 of 
this paper and in figure 2.10.  
Flynn et al. (1997) proposed three potential correlations of the magnetic reversal 
pattern of the sequence containing the typifyng Laventan Stage/Age at La Venta to the 
GMPT of Berggren et al. (1985) and with two other timescales of just the Miocene 
(Cande and Kent, 1992; Deino et al., 1990). The preferred correlation from those three 
was chosen because it fit best with the available radioisotopic age constraints and inferred 
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sedimentation rates within the Honda Group. Based on this correlation, the fossiliferous 
levels within six normal and five reversed polarity intervals measured correspond to 
Chrons C5ABn through C5An.1n, which is equivalent to about 14.4-12.25 Ma. This age 
range is consistent with the series of isotopic dates obtained from the Honda Group, 
which are: 13.754 ± 0.040, 13.651 ± 0.107, 13.767 ± 0.052, 13.778 ± 0.081, 13.342 ± 
0.408, 12.512 ± 0.102, and 12.210 ± 0.107 Ma, this last of which is from the upper Cerro 
Colorado Member of the Villavieja Formation, a section marked by slowing of 
sedimentation rate, and above the uppermost fossiliferous level of the Laventan 
Stage/Age (Madden et al., 1997), so certainly is younger than the end of the Laventan 
SALMA (Croft, 2007). Croft (2007) reported that the radioisotopically-dated Quebrada 
Honda Fauna of Bolivia is the same age as Laventan tropical assemblages, but is more 
similar faunally to older Colloncuran faunas from high-latitudes. MacFadden et al. (1990) 
obtained six 40K-40Ar  dates at Quebrada Honda, bracketing fossil levels between 15.4 ± 
0.14 and 11.95 ± 0.19 Ma (see haha). As noted by Flynn et al. (2012), “This [Quebrada 
Honda] late middle Miocene site is contemporaneous with La Venta, but has almost no 
species in common, a testament to the significant differences between low- and middle-
latitude faunas by this time.” 
The Fitzcarrald local fauna in the Peruvian Amazon (Antoine et al., 2007; Goillot et 
al., 2011; Pujos et al., 2013) also pertains to the Laventan SALMA, and has an associated 
magnetostratigraphy of one normal followed by one reversed polarity interval, which 
Antoine et al. (2007) correlated to a normal-reverse transition in either Chron C5A or 
C5AA.  
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In summary, if Quebrada Honda and La Venta represent the same biochronologic 
unit, i.e. the Laventan SALMA, the age of the Laventan SALMA is between 
approximately 13.75 and 12 Ma, and it is represented in at least three distinct localities 
across northwestern South America. The Laventan is not yet recognized in Patagonia. 
 
3.2.7. Mayoan SALMA: The Mayoan SALMA was considered to be the youngest 
third of the “Friasian” sensu lato (Flynn and Swisher, 1995). Madden et al.’s (1997, Fig 
29.8) SALMA biochronology, incorporating the new “Laventan Stage/Age/SALMA,” 
omitted recognition of the Friasian and Mayoan SALMAs entirely. Constraints on the age 
of the Mayoan SALMA, should it be retained (we suspect that it should, because 
although the Friasian (s.s.) and Colloncuran are faunally similar to Santcrucian SALMA 
assemblages, the Mayoan is quite different, and would seem to capture a period of 
turnover possibly also represented in the Laventan – see, e.g., Rivas et al., 2015; De Iuliis 
et al., 2008) come from bracketing SALMAs that indicate a permissive temporal span 
ranging from 12 to 10 Ma. Rivas et al. (2015) obtained two U-Pb dates of 12.18 ± 0.4 and 
12.3 ± 0.16 Ma from a level correlative to strata directly underlying the Río Mayo 
Formation, across the Andes at Balmaceda, Chile. These are the only radioisotopic age 
data directly pertinent to calibrating the Mayoan, apart from a couple of 40Ar/39Ar ages 
attributed to the Río Mayo Formation but lacking published error bars or analytical data; 
these are 12.8 Ma (conference abstract of Dal Molín and Franchi, 1996) and 11.8 Ma 
(this date originated as “in preparation” by Madden et al., 1997, and was quoted and re-
quoted by De Iuliis et al., 2008, Dunn et al., 2015, Rivas et al., 2015, and González Ruiz 
et al., 2017, each time without providing further information). Therefore, the 12.8 and 
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11.8 Ma dates are not included in this synthesis, but are noted in the appendix for 
completeness. 
 A maximum age of ca. 12.3 Ma for the Mayoan SALMA implies about a million 
years of overlap with the Laventan SALMA. Previous authors (Madden et al., 1997; 
Dunn et al., 2015) did not include the Mayoan in their timescales; our approach is to 
record maximum and minimum potential ranges of each putative SALMA unit. As with 
the other potential overlaps (i.e., Santacrucian/“Pinturan” and Riochican/“Sapoan”), this 
allows us to retain all of the information about the recognized units and their associated 
geochronologic data. Especially in the case of overlaps between low-latitude units like 
the Laventan, and classical assemblages from higher latitudes, latitudinal provinciality 
may provide the explanation for temporal overlap. The youngest potential age for the 
Mayoan is placed at about 11.7 Ma, while the core age is from about 12 to 11.8 Ma.  
 
3.2.8. Chasicoan SALMA: Zárate et al. (2007) obtained a 9.23 ± 0.09 Ma 40Ar/39Ar 
date from the Chasicoan type locality, Buenos Aires Province, Argentina, and used glass 
from impact (escoria) to correlate four other Chasicoan localities exposed along the 
Arroyo Chasicó in Buenos Aires Province, and correlate the composite local 
magnetostratigraphy to the Miocene magnetic polarity record from Schneider (1995). 
Zárate et al. (2007) correlated the magnetic reversal pattern from these typifying 
Chasicoan deposits to the period of time represented by Chron C4Ar.2r through early 
Chron C4Ar.1r, which under the current GMPT correlation is  about 9.6 - 9.1 Ma.  
Croft et al. (2004) correlated a fauna dated by Marshall et al. (1992) from Achiri, 
Bolivia, to the Chasicoan SALMA and stated that dates from Marshall et al. (1992, and 
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references therein; see section 3.2.9 of this paper for more detail) constrained the 
Chasicoan SALMA to between 10.35 and 7.6 Ma. The Chasicoan fossils from Achiri 
occur between the Ulloma and Callapa tuffs, constrained below by 40Ar/39Ar sanidine 
dates from the Ulloma Tuff of 10.125 ± 0.208, 10.326 ± 0.13, 10.334 ± 0.85, 10.14 ± 
0.122, and 10.349 ± 0.148 Ma (LGM 05), 10.746 ± 0.094 Ma (LGM 11), and 10.504 ± 
0.1, 10.29 ± 0.232, 10.125 ± 0.314, and 10.681 ± 0.074 Ma (LGM 15) and above by the 
dates from the Callapa Tuff, which are discussed further in section 3.2.9 and which 
average 9.031 ± 0.364 Ma.  
Based on these data, the Chasicoan SALMA has a core range of between about 
10.25 and 9.1 Ma, but the data are permissive of a potential range up to 11.5 – 7.5 Ma.  
 
3.2.9. Huayquerian SALMA: The Huayquerian SALMA was most recently 
calibrated by a magnetostratigraphy of the Madre de Dios Formation in the Amazon 
Basin  (Campbell et al., 2010), correlating the basal conglomerate of this formation, 
which contains Huayquerian-aged fossils, to Chron C4An. This implies an age for the 
beginning of the Huayquerian SALMA of at least 9 Ma, which agrees with previous 
assessments based on 40Ar/39Ar dating of an ash about 4m above the base of the Madre de 
Dios Formation at 9.01 ± 0.28 Ma (Campbell et al., 2001).  
Marshall et al. (1992) obtained new 40Ar/39Ar dates from tuffs at Achiri, Bolivia, 
within the Mauri and Crucero formations and their stratigraphic correlates in other parts 
of the western Bolivian Altiplano. The Callapa Tuff underlies Huayquerian-aged fossils 
in these formations. Marshall et al. (1992) obtained both K-Ar and 40Ar/39Ar dates from 
several mineral separates, and settled on the 40Ar/39Ar sanidine single-crystal ages as 
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most reliable. These were, in the Callapa Tuff: (LGM 10) 9.081 ± 0.32, 8.898 ± 0.422, 
8.049 ± 0.38, 9.281 ± 0.386, and 8.729 ± 0.148 Ma, and (LGM 14) 9.038 ± 0.444, 9.002 
± 0.314, and 9.186 ± 0.42 Ma, constraining the maximum age of the Huayquerian 
SALMA at about 9 Ma. The Mauri Formation is unconformably overlain by the Cerke 
Formation, which was dated near its base by Lavenu et al. (1989) to 7.6 ± 0.8 Ma using 
40K-40Ar. Marshall et al. (1992) also reported sanidine 40Ar/39Ar dates of 5.352 ± 0.042, 
5.349 ± 0.022, 5.340 ± 0.020, and 5.349 ± 0.028 Ma from Toba 76, near the base of the 
Cerke Formation. These data combined were interpreted by Marshall et al. (1992) as 
giving an age for the Huayquerian SALMA of about 9.0 – 6.0 Ma.  
The boundary between the Huayquerian and Montehermosan SALMAs is fairly 
well calibrated, as a result of being located at a physical contact between the Huayquerías 
and Tunuyan Formations at Meseta Guadal, Mendoza Province, Argentina (Marshall et 
al., 1986b). Marshall et al. (1986b) obtained 40K-40Ar dates from the Tunuyán and 
Huayquerías Formations at Meseta Guadal. They averaged the three 40K-40Ar biotite 
dates obtained from the LGM 236 tuff, at the top of the Huayquerías Formation, to obtain 
an age of 5.8 ± 0.1 Ma as a maximum age for the Huayquerian-Montehermosan boundary 
(the three dates are 5.89 ± 0.16, 5.78 ± 0.12, and 5.72 ± 0.22 Ma; when recalculated with 
parameters from Renne et al. (2010), these are 5.19 ± 0.11, 5.28 ± 0.14, and 5.13 ± 0.20 
Ma). Marshall et al.’s (1986b) 40K-40Ar dates from the overlying Tunuyán Formation, 
which contains Montehermosan SALMA fossils at Meseta Guadal, are 8.7 ± 0.8, 8.60 ± 
0.9, 7.30 ± 0.8, 4.90 ± 0.4, 3.30 ± 0.6, 2.68 ± 0.1, 2.54 ± 0.07, and 2.40 ± 0.3 Ma. The 
oldest two of these are inconsistent with the 5.8 ± 0.1 Ma average for the top of the 
Huayquerías Formation (see above) but are also the only two obtained from hornblende, 
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which can be the source of a bias towards older ages. Combined with data from Butler et 
al. (1984), Marshall et al. (1986b) concluded that overall, in Argentina, the Huayquerian-
Montehermosan boundary is about 6.0 Ma.  
In sum, available data are permissive of a range for the Huayquerian SALMA of 
between 8.5 and 6.0 Ma, and a potential range to as old as about 9 Ma, a calibration 
which has remained remarkably stable with the addition of new fossil and age data from 
geographically disparate localities.  
 
3.2.10. Montehermosan SALMA: Apart from the Huayquerian-Montehermosan 
SALMA boundary, chronologic constraints for the duration or ending age of the 
Montehermosan are few. Bigazzi et al. (1996) reported mammalian fossils in the lower 
part of the Monte Hermoso Formation, Monte Hermoso, Buenos Aires Province, 
Argentina, citing Tonni et al. (1992) as having divided these fossils into two distinct 
assemblages representing the Montehermosan and Chapadmalalan SALMAs (also see: 
Zavala and Navarro, 1993). Therefore, low-precision fission-track dates of 1.7 ± 0.4 and 
1.5 ± 0.3 Ma obtained by Bigazzi et al. (1996) from tuffs overlying the Monte Hermoso 
Formation represents a minimum age for the upper boundary of both the Montehermosan 
and Chapadmalalan SALMAs, in agreement with the chronology of Marshall et al. 
(1982). Bigazzi et al (1996) also correlated the erosional episode represented by the 
disconformity at the top of the Monte Hermoso Formation with the “Barranca” erosional 
phase that Marshall et al. (1982) consider as separating Chapadmalalan and Uquian 
faunas in these sections.  
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Butler et al. (1984) calibrated the age of the boundary between the Corral 
Quemado Formation (containing Montehermosan-aged fossils) and the “Araucanense” 
Formation (Huayquerian-aged fossils), at Puerta de Corral Quemado and Chiquimil, in 
Catamarca Province, Argentina. The “Araucanense” Formation comprises grey sandstone 
beds underlying the reddish sandstone Corral Quemado Formation, considered part of the 
Corral Quemado Formation and named the “Piso Arauco” by early workers (Groeber, 
1929; Windhausen, 1931; Riggs and Patterson, 1939; Marshall and Patterson, 1981) and 
interpreted as a distinct formation by Butler et al. (1984). Butler et al. (1984) obtained K-
Ar dates from three tuffs: they reported an average of three sanidine dates from LGM 2 
(in the “Araucanense” Formation) of 6.70 ± 0.05 Ma, and in the Corral Quemado 
Formation, an average of two glass dates from LGM 216 of 5.3 ± 0.2 Ma, and an average 
of two glass dates from LGM 220 of 4.95 ± 0.14 Ma. They also recalculated K-Ar dates 
from Marshall et al. (1979) and reported a recalculated sanidine date of 3.53 ± 0.04 Ma 
from the highest tuff in the measured section of the Corral Quemado Formation. Butler et 
al. (1984) also obtained magnetic polarity data for the section, and correlated the 
boundary between the “Araucanense” and Corral Quemado Formations to the final period 
of magnetic reversal between 7 and 6 Ma, termed simply “6”. In the GMPTS of Ness et 
al. (1980) (which Butler et al. (1984) state is their reference timescale, despite using 
different nomenclature) this unit is one of two reversals within Chron 3' and lasts from 
6.42 – 6.07 Ma. In the GMPTS of Gradstein et al. (2012) this reversal is Chron C3An.1r, 
and lasts from 6.436 – 6.252 Ma.  
Overall, the we calibrate the core age range of the Montehermosan to between 
about 6 and about 3.5 Ma. The data are permissive of a range to as young as about 3.25 
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Ma, depending on how magnetostratigraphy from the subsequent Chapadmalalan 
SALMA is correlated to the GMPTS (see section 3.2.11).  
 
3.2.11. Chapadmalalan SALMA: Schultz et al. (1998) obtained three 40K-40Ar 
dates of 3.3 ± 0.2, 3.27 ± 0.08, and 3.33 ± 0.10 Ma from escoria glass shards from an 
impact site at the top of the Chapadmalal Formation, coastal Buenos Aires Province, 
Argentina. They reported that these escorias were traceable laterally over 30 kilometers, 
and narrowly concentrated between levels bearing latest Chapadmalalan-aged fossils and 
earliest Marplatan-aged fossils. Magnetostratigraphies of formations in the same area 
(coastal Buenos Aires Province, the site of the typifying localities for Chapadmalalan and 
Marplatan SALMAs) have correlated Chapadmalalan time to between Chrons C2Ar and 
C2An.2n (latest Gilbert through middle Gauss, between Mammoth and Kaena reversals) 
(see: Orgeira, 1990; Schultz et al., 1998; Cione and Tonni, 1995; 2001). In sum, the age 
range for the Chapadmalalan is between about 3.75 and 3.25 Ma.  
 
3.2.12. Pleistocene  
 
3.2.12.1. “Uquian” / Marplatan SALMA: Cione and Tonni (1995) advocated a 
push towards more rigorous definition of biochronologic units for South America, 
abandoning LMA terminology and modeling units more after biostratigraphic assemblage 
(Oppel) zones. In so doing, they invalidated what was then called the Uquian SALMA 
(see Castellanos, 1950; Pascual et al., 1965; Marshall, 1985; Marshall et al., 1982; 1984; 
and references therein) on the basis that its typifying locality, the Uquía Formation (in 
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Jujuy Province, northwestern Argentina), is too uncertainly related to other fossil-bearing 
units to be used as a stratotype for a biochronologic stage. In place of the “Uquian” they 
proposed a new Stage/Age, the Marplatan, based on the concurrent ranges of fossils 
found in formations exposed in coastal Buenos Aires Province, Argentina. The Marplatan 
as so defined captures coincident first appearances of some key North American 
immigrant taxa and some last appearances of endemic taxa (see Cione and Tonni, 1995).  
Although we agree that the Marplatan SALMA is more rigorously defined in 
terms of chronostratigraphy than the “Uquian,” there is no such requirement for 
SALMAs (see section 2) so we tentatively retain the “Uquian,” distinguishing dates 
constraining the age of “Uquian” from those constraining the age of the Marplatan 
SALMA as a test of whether they represent the same chronologic interval. 
Marshall et al. (1982) obtained eight 40K-40Ar dates from the Uquía Formation, of 
which two were consistent enough to be used to confidently calibrate the age of the 
“Uquian”: 2.86 ± 0.08 and 2.78 ± 0.09 Ma.  
Bigazzi et al. (1996) obtained fission-track dates of 1.48 ± 0.25 and 1.73 ± 0.39 
Ma from two ash layers at the base of the Puerto Belgrano Formation (containing 
“Uquian” fossils) at Farola Monte Hermoso, Buenos Aires Province, Argentina. These 
ashes are interlayered in aeolian sandstones forming the basal part of the Puerto Belgrano 
Formation, which overlies an erosional unconformity at the top of the Monte Hermoso 
Formation. Therefore, these two fission-track dates constrain the maximum age of the 
“Uquian.”  
Reguero et al. (2007) analyzed the late Neogene mammalian stage/age biochrons 
preserved within the Uquía Formation, revising the correlations made by Cione and 
 79 
Tonni (1995) to indicate the occurrence of fossils characteristic of Chapadmalalan, late 
Vorohuean and Sanandresian subages of the Marplatan, and Ensenadan SALMA in the 
Uquía Formation. Revised correlations, based on their reinterpretations of the available 
biostratigraphy, magnetostratigraphy and radioisotopic ages pertaining to the “Uquian” 
(Marshall et al., 1982; Walther et al., 1996; Walther et al., 1998) were largely consistent 
with the SALMA ages assigned by FS95, and the fossil-bearing strata in this area span 
about 3.5-3.0 to 1.8 Ma, and late Gauss (end of Chron C2A) to the Olduvai event of the 
Matuyama (end of Chron C2).  The type “Uquian” ranges from between 3.5 and 3.0 Ma 
to at least 2.5 Ma, and the Ensenadan Stage/Age and SALMA appears to extend older 
here than along the Atlantic Coast of Buenos Aires Province, Argentina (eg. at Barranca 
Los Lobos, see Orgeiera, 1990) where the Marplatan SALMA is typified and 
paleomagnetically constrained to between 1.95 and 2.14 Ma, to as old as 2.5 Ma from 
fission-track dates, versus a record only as old as 1.8 Ma along the coast (see Cione and 
Tonni, 1995; Tonni and Cione, 2001; Orgeira, 1990). 
 Based on the available data, the core age range for the “Uquian” is between about 
3.25 and 1.5 Ma, coinciding in the earlier half of this range with the core age for the 
Marplatan SALMA, which is between about 3.25 and 2.25 Ma.  
 
3.2.13. Mid-Pleistocene through Holocene: 
 
The remaining portion of the timescale is reviewed with reference to the 
Ensenadan and Lujanian SALMAs and the particularly controversial case of Tarija, 
Bolivia. A number of other regional units and sub-units have been proposed and defined; 
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we concern ourselves here with only a broad summary as there already exists a vast body 
of primary and review literature on the biochronology of this time period. The definitions 
of these Pleistocene units are based heavily on stratigraphic range zones from Patagonia, 
so the following discussion centers on calibrations made to those. It does not preclude 
recognition of Pleistocene units elsewhere in the continent, but in many cases correlation 
has been based on radioisotopic dating, rather than being independent of, and calibrated 
by, radioisotopic dates.  
 Tarija yields one of the most thoroughly ennumerated and analytically dated 
mammal faunas from this time period; yet, probably because of provinciality, attribution 
to one or another of the Plio-Pleistocene ages recognized at higher latitudes has been 
contentious. As a result, correlations of Tarija to the SALMA timescale have rested not 
on biochronologic principles but simply on analytical age data, a reversal of the usual 
protocol. MacFadden et al. (1983) provided magnetostratigraphic correlations to the 
GMPTS at four localities in the Tariija Basin of Bolivia. Two of the four studied sections 
lie completely within the Brunhes normal polarity chron, and as such the minimum age of 
the Tarija Formation is not known, and could be as late as Lujanian. Of the other two 
sections, one contains a magnetic polarity transition near its base that is interpreted as the 
Brunhes-Matuyama boundary, a correlation supported by the fission-track date of 0.7 ± 
0.2 Ma about 50 meters from the base of the section, in the San Blas ash. The fourth 
section contains a short normal polarity interval bracketed by reversed polarities; this 
normal polarity zone is correlated to the Jaramillo subchron. These correlations give a 
maximum age for the Tarija Formation of at least the beginning of the Jaramillo subchron 
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(0.988 Ma in the GMPTS of Gradstein et al., 2012), and a minimum age of about the 
Brunhes-Matuyama boundary or younger (0.781 Ma in Gradstein et al., 2012).  
 Cione and Tonni (1999) reviewed the Quaternary SALMAs, recognizing the 
Ensenadan, Bonaerian, Lujanian, and Platan. They based these units on biozones 
identified in the Pampean area, and placed emphasis on tying SALMAs to biostratigraphy 
and chronostratigraphy (citing FS95 as an example of focus primarily on the latter). The 
utility of SALMAs would be expanded, they argue, if more precise biostratigraphic 
control was obtained, because correlation of units across the continent would become 
possible. This may be so, but at this point it remains unclear if biostratigraphic 
correlations, particularly in the Neogene, across the entire continent of South America are 
even possible or worth attempting, given that modern mammal faunas exhibit such 
marked biotic provinciality and there is growing evidence of significant provinciality in 
earlier time intervals. 
MacFadden (2000) used carbon and oxygen stable isotopes from equid and 
mastodon teeth to correlate the Ensenadan-aged Tarija Fauna, found in the upper part of 
the Tolomosa Formation, Tarija, Bolivia, to marine oxygen isotopic stages, aided by a 
fission-track date and correlation to the geomagnetic polarity timescale from MacFadden 
et al. (1983). These correlations relied on precise stratigraphic control of the specimens 
sampled, and made use of the correlations of δ13C values from teeth to climatic variation 
(as recorded in marine oxygen isotope stages) to more finely correlate levels of the Tarija 
fauna to marine oxygen isotope peaks and troughs. This method differs from other dating 
techniques in that it derives evidence for correlative age directly from the fossils, rather 
than from nearby ashes or sediments, although these correlations generally require at 
 82 
least an approximate age inference for the strata to ensure correlation to the correct 
temporal interval (as isotopic values can be similar in distinct time intervals) and during 
some intervals the isotopic values change little over time, reducing temporal resolution. 
He correlated nine fossil horizons at Tarija to isotope stages 29 through 17 (or possibly 
15). This agrees with the magnetostratigraphy of MacFadden et al. (1983), placing the 
earliest Ensenadan during the Jaramillo subchron (1.072 – 0.988 Ma, Gradstein et al. 
2012) and the youngest fossils at Tarija during the early part of the Brunhes chron (0.781 
Ma – present, Gradstein et al. 2012). The ambiguity between stages 15 and 17 stems from 
the long stretch of normal polarity at the top of the Tarija section, corresponding to the 
Brunhes normal polarity chron, that is punctuated by a hiatus: the top of this normal 
polarity interval is the part that is correlated to either 15 or 17, separated from the 
underlying normal section by the hiatus representing an ambiguous amount of time.  
The resulting calibration placed the Ensenadan-Lujanian boundary at no older 
than 0.7 Ma (corresponding to stage 17 as discussed above), or no older than 0.6 Ma (if 
the stage 15 correlation is preferred). MacFadden (2000) also summarized previously 
published calibrations of the Ensenadan-Lujanian boundary (see: Flynn and Swisher, 
1995; MacFadden et al., 1983; Marshall et al., 1984; Marshall et al., 1979; Orgeira, 
1990), and concluded that although it is possible that the youngest stratigraphic levels at 
Tarija could be Lujanian in age, no faunal transition is documented to support this, and so 
it is reasonable to tentatively conclude that the entire Tarija section falls within the 
Ensenadan SALMA.  
Coltorti et al. (2007) obtained 14C radiocarbon dates from layers of peat 
intercalated among fossiliferous horizons from eight sections of the Tolomosa Formation 
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at Tarija. The resulting dates were much younger than previous age estimates for Tarija, 
placing it as in the Late Pleistocene rather than Middle Pleistocene (MacFadden et al., 
1983; Takai et al., 1984). Coltorti et al. (2007) also carried out a faunal analysis of Tarija 
fossil horizons, comparing them to the typifying faunas of the Ensenadan and Lujanian 
SALMAs. They reported that key last-appearance datums for the Ensenadan SALMA 
were absent from the horizons they studied, and Equus, a first appearance typifying the 
Lujanian SALMA, was present, and so suggested that the Tarija Fauna should be 
considered Lujanian-aged, a conclusion consistent with their 14C dates.  
MacFadden et al. (2013) obtained new U-Th/Pb dates of 0.75 ± 0.02, and 0.72 ± 
0.12 Ma from the San Blas ash, Tolomosa Formation, Tarija Basin. This ash was the 
subject of a disagreement on the interpretation of analytical ages (Coltorti et al., 2007; 
MacFadden et al., 1983). MacFadden et al. (2013) confirmed the conclusions of 
MacFadden et al. (1983), that the Tolomosa Formation is Middle Pleistocene in age, and 
suggested that the history of Equus dispersals into South America may be more complex 
than a single arrival at the beginning of the Lujanian SALMA (also see: Woodburne, 
2010; Flynn and Swisher, 1995; Soibelzon et al., 2009). 
 
3.2.13.1 Lujanian SALMA: The Lujanian SALMA is based biostratigraphically 
on the Equus (Amerhippus) neogaeus Biozone, which is recognized in the Pampas of 
Argentina and at Tarija, Bolivia. Tonni, Cione, and colleagues have defined the Lujanian 
SALMA on the basis of this Pampean biozone, and have continued to refine the age of 
the Lujanian based on dates from the E. (A.) neogaeus zone. Tonni et al. (2009) proposed 
a correlation of the Pampean Lujanian faunas to fossil levels at Tarija, Bolivia (Cione and 
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Tonni, 1995; Cione and Tonni, 1996; Tonni et al., 2009; Tonni and Cione, 2001; Tonni et 
al., 2003). A thorough biochronology of the late Miocene through Pleistocene of the 
Pampean region was assembled by Deschamps (2005), based on a review of ten sections 
throughout Buenos Aires province. She used mammal taxon ranges in a sequence 
stratigraphic context to build the chronology of these formations and assign them to 
biochronologic units, resulting in a stratigraphic correlation of three formation spanning 
Huayquerian through present time. Four radiocarbon dates from previous studies were 
also incorporated by Deschamps, to date formations that did not yield enough fossil 
material to use biostratigraphy; both of these were Holocene (“Platan”) aged (between 
2800 and 900 14C years BP: Borromei, 1995; Deschamps and Tonni, 1992; Rabassa et al., 
1991; Quattrocchio et al., 1998). The Ensenadan SALMA was not represented among 
sites sampled, but the “Bonaerian,” an informal age putatively between Ensenadan and 
Lujanian SALMAs (see Marshall et al., 1984; Cione and Tonni, 1999) based on the 
Megatherium americanum biozone, was recognized (though not independently dated). 
Another section in the same study (Deschamps, 2005) was referred to the Lujanian 
SALMA, very loosely constrained by its direct superpositional relationship below 
Holocene strata dated at 1,960 ± 100 radiocarbon years BP by Deschamps and Tonni 
(1992).  
The younger limit of the Lujanian SALMA is relatively well constrained by 
radiocarbon dates from megafauna, the range zones of which form the basis for this 
SALMA. Prado et al. (2015) reviewed dated megafauna from the Pampean area of 
Argentina, and generated 20 new 14C dates ranging between 18,500 and 7,260 calendar 
years BP. Dates obtained by Prado et al. (2015) from Equus (Amerhippus) neogeus 
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remains were all about 12 kyr BP, placing the last occurrence of this taxon (and hence, 
the E. (A.) neogeus biozone and the Lujanian SALMA) at around that time. This is about 
2000 years earlier than previous dates for E. (A.) neogeus last occurrence. Dates from 
Megatherium americanum remains had the same effect on the “Bonaerian”; Prado et al. 
(2015) dated the last occurrence of this taxon (the biostratigraphic basis for the 
“Bonaerian”) to about 13.5 kyr BP, leaving a span between about 13.5 and 12 kyr BP for 
the Lujanian SALMA. Of course it is not certain that these dates are from last 
occurrences. Prior to Prado et al.’s 2015 revision, the latest dates from E. (A.) neogeus 
were in the region of 10 kyr BP and the latest for M. americanum were about 11 kyr BP 
(see: Aramayo et al., 2005; Scanferla et al., 2011; Tonni et al., 2003; Prado et al., 2012; 
Prado et al., 2013; Prado et al., 2015 and other references therein). Prado et al. (2015) 
rejected some of the younger dates on the basis that they were very uncertain or were 
from assemblages (archaeological or paleontological) and not individual bones of the 
actual taxa concerned.  
The subset of dates from the Prado et al. (2015) compilation that bear on 
constraining the age of the Lujanian are from taxa typifying the Lujanian SALMA; others 
from longer-ranging taxa are omitted because the specimens are generally without 
stratigraphic context. The radiocarbon and biostratigraphic data for the Lujanian SALMA 
are consistent with a broadest potential age range of ~20 – 6 kyr BP, and a core range of 
between about 13.5 and 11 kyr BP, This leaves a gap of about a quarter million years 
between the Ensenadan and Lujanian SALMAs, which would be occupied by the poorly 
constrained “Bonaerian” informal chronologic unit.  
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4. A NEW SYNTHETIC TIME-CALIBRATED SALMA TIMESCALE 
 
The result of this synthesis is a revised and up-to-date timescale of South American Land 
Mammal ‘Ages’, incorporating substantial new high-precision dating constraints 
provided by continued work in 40Ar/39Ar calibration augmented by rapidly-growing data 
from U-Pb systems. Significant discoveries have been made in tropical South America 
over the past two decades since FS95; when coupled with enhanced understanding of the 
faunas and geochronology of mid-latitude assemblages (particularly in the Bolivia, Chile 
and northern Argentina), these discoveries highlight the extent of biotic provinciality and 
resultant challenges in applying the classical high-latitude SALMAs continent-wide.  
 Overall, the amount of time in the geologic timescale apparently accounted for by 
existing SALMAs is much greater than previously recognized, as shown in Figure 2.8 by 
comparison to the timescale of FS95. Most importantly, by synthesizing all available 
geochronologic constraints and applying our approach of determining core and 
permissive ranges for the biochrons, we have achieved a better understanding of where 
gaps do remai n and how that missing time is distributed, as diagrammed in Figure 2.9. 
 The largest remaining gap in the SALMA timescale is within the middle to late 
Eocene. If the Casamayoran SALMA is assumed to occupy this entire span, between 
about 49-37.5 Ma, even when divided into the Vacan and Barrancan subages, this unit 
would be extraordinarily long relative to other SALMAs or mammal “ages” on any 
continent, even when divided into the Vacan and Barrancan subages. Further, if 
Casamayoran faunas persisted throughout this almost 12 million year interval, with 
relatively little change, taxonomic turnover (extinction, origination or immigration), or 
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recognizable distinction of additional biochrons within this long time span, this would 
represent a globally unique example of long-term faunal stasis at the level of a land 
mammal “age”.  Future work may be driven by the search for faunas that may occupy 
these gaps, and also by an effort to more thoroughly date existing sites and better 
constrain the temporal ranges and boundary ages of the Casamayoran SALMA and its 
Vacan/Barrancan subages.   
Although the overall time occupied by gaps in the new synthetic SALMA 
timescale decreases towards the recent, the temporal boundaries between the Pliocene 
and Quaternary SALMAs are still not well delineated. This may stem in part from 
uncertainty in the faunal definitions of Plio-Pleistocene units, as well as in their 
continent-wide applicability. It should be accepted, however, that confident continent-
wide correlation of SALMAs, especially of relatively short ones, is the exception rather 
than the expectation. So for the Neogene in particular, a continuing focus on more 
confidently calibrating the ages of local sequences and biochronologies is well-placed. A 
locical follow up question is whether it is worth trying to correlate across the entire 
continent, or instead, using faunal provinciality as a tool to further geographically 
subdivide the SALMA timescale into sections of regional untility.  
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Figure 2.8. Comparison of 
current synthesis to the 
previous continent-wide 
Cenozoic timescale (Flynn 
and Swisher, 1995). SALMA 
names in grey boxes in the 
left-hand column indicate 
that no geochronologic data 
are available for these units 
still; units on the right are 
all displayed in white but 
are variously based on 
geochronologic or 
stratigraphic data or are 
rough estimates, refer to 
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Figure 2.9. Total time in Cenozoic assigned to a SALMA or to gaps. A. Columns, left to 
right: gaps in this synthesis, time in “potential” SALMA ranges, time in “core” ranges; 
total gaps in Flynn and Swisher (1995), total SALMA time in Flynn and Swisher (1995). B. 
This synthesis, percentage of time in each epoch occupied by gaps, permissive, and core 
ranges of SALMAs.  
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4.1.  COMPARISON TO OTHER PARTIAL TIMESCALES 
 
There are two other major recent syntheses of partial SALMA timescales to which our 
synthesis merits detailed comparison: that of Dunn et al. (2013), based on decades of 
work at Gran Barranca (see also: Ré et al., 2010a,b), and the Paleogene timescale of 
Woodburne et al. (2014b). The work of Dunn and colleagues constitutes an important 
portion of available geochronologic data for Casamayoran through Santacrucian time, 
based on sections of the Sarmiento Formation at Gran Barranca, Chubut Province, 
Argentina (figure 2.10.a). Our new Cenozoic SALMA timescale is in broad agreement 
with nearly all of their time assessments, the major difference being that some of the units 
represented at Gran Barranca are more narrowly constrained in time, which is not 
surprising given that this is a single locality compared to a continent wide set of 
correlated sites. The only other disparity is that the unit called “Pinturan,” at the top of 
the Gran Barranca succession, is probably not temporally distinct from the Santacrucian 
SALMA. The nomenclature is retained in our timescale, as it is informative with respect 
to geographic provenance and historical definition of the faunas representing a 
biochronologic unit.  
The timescales of Woodburne et al. (2014a, b) deal with the Paleocene and 
Eocene of South America, and synthesize much of the data available for those epochs. 
Our synthesis broadly agrees with these conclusions as well; specifically, with the revised 
calibrations of the Paleocene units presented by Woodburne et al. (2014b) that pushed the 
“Peligran” back from Selandian to late Danian time, closer to the “Tiupampan,” and the 
“Carodnia Zone” from Selandian-Thanetian time to latest Danian—Selandian time 
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(figure 2.10.b). The reason for this was a revised correlation based on new 
geochronologic, paleomagnetic, and paleofloral data reported by Clyde et al. (2014). This 
scenario is an example of the magnitude of changes in the SALMA timescale that may 
yet be wrought by the addition of a few data points in strategic locations. The implication 
for the Paleocene specifically in this case is that a hiatus or gap in the SALMA 
succession during the early Eocene is implied, in a time period at one point assigned to 
the Casamayoran SALMA (FS95) and for the present occupied only by the Itaboraian 
SALMA at some point that is not well constrained. The only other difference is that 
Woodburne et al. (2014 a, b) placed the “Sapoan” between 48 and  47 Ma, whereas we 
find the available data are more consistent with a core age range for the “Sapoan” of 
between 48.5 and 47.5 Ma and a maximal permissive range of 50 to 47 Ma. This implies 
a near complete overlap with the Riochican SALMA, an issue we do not address in this 
paper beyond noting that the “Sapoan” is not recognized as a potentially unique 
biohronologic interval outside of its typifying locality. This last point applies to a number 
of units in this synthesis, and is elaborated upon in section 5.2.  
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Figure 2.10. Comparison of the current synthesis to recent partial timescales. A. Dunn et 
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5. FAUNAL PROVINCIALITY AND SALMAS 
 
5.1. TESTING REGIONAL LMA ZONATIONS:  
The goal of our methodological framework is to produce a SALMA timescale that is the 
simplest possible interpretation of available data, and that is formulated and 
communicated as a testable hypothesis. In this section we describe a hypothetical 
example. Figure 2.11 shows the possible changes to the timescale wrought by discovery 
and dating of locality B. Localities A and B yield some of the same taxa, and therefore 
both belong to LMA1. H0  is the scenario if there is no other LMA immediately preceding 
LMA1: the initiation age of LMA1 is simply extended earlier. If there is not a gap, two 
solutions are possible. The first is H1: locality A is LMA1 aged, locality B is assigned to 
LMA2. The faunal makeup defining LMA2 has been expanded, resulting in some loss of 
resolution. The second solution, H2, allows for regional variability in the ages of units. 
Localities A and C are in a southern zone and locality B is in a northern zone. 
Recognition of LMA1 is retained continent-wide, but its initiation in the northern zone is 
earlier. Recognition of LMA2 is limited to the southern zone, providing a testable 
















































Figure 2.11. Constructing testable 
hypotheses for LMA calibration. 
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5.2. EXAMPLES OF PROVINCIALITY IN SOUTH AMERICA 
 
With growing discoveries of Cenozoic mammal faunas from a much broader range of 
geographic distributions and geologic settings across the continent (see discussion in 
Flynn et al., 2012) it is increasingly clear that a major challenge for calibrating the South 
American Land Mammal ‘Age’ timescale is determining the geographic range of each 
biochronologic unit’s applicability. Conceptually, Land Mammal “Ages” were conceived 
of as biochronologic units that can be recognized and are temporally equivalent all across 
the continent. Ideally, they also would be temporally continuous, without overlaps or 
distinct temporal gaps between them (Williams, 1901; Wood et al., 1941; Woodburne, 
1977; Flynn et al., 1984; Walsh, 1995). Many SALMAs, however, are only recognized 
from local faunas or are characteristic of a particular region with uncertainty as to 
whether they can be identified continent-wide. Part of the reason for this biotic 
regionality or provinciality is the wide latitudinal band that South America occupies, and 
the modern climatic gradients across this band, which were probably established no later 
than early Miocene (Scher and Martin, 2006; Scher et al., 2015). In addition, east-west 
longititudinal partitioning and more regional isolation of biomes were influenced by the 
dramatic mid-late Cenozoic rise of the Andes, and associated shifts in wind, temperature 
and precipitation distributions (including development of major rain shadows, elevational 
gradients, and biome fragmentation); marked sea level and terrestrial aquatic system 
changes through time (including disappearance of epicontinental seaways after the 
Miocene, transformation of Amazonian systems from vast tropical mega-wetlands to 
major river-dominated drainages flowing north [e.g., Madgalena, Orinoco, etc.] and east 
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[e.g., Amazon]); and persistence of ancient topographic highland massifs (e.g., the 
Guiana Shield, Brazilian Highlands). Modern South America is dominated by marked 
regional biotic provinciality, and taxa are rarely shared between high and low latitudes or 
across major biogeographic barriers such as the Andes. Because of this, it is unreasonable 
to assume that faunas characteristic of high latitudes, particularly during the Neogene, 
will be identifiable, or even that individual taxa characteristic of a SALMA would be 
synchronous, in the tropics, and vice versa. Some SALMAs are likely to be true 
continent-wide units, for example, Deseadan (Oligocene) faunas have been recognized in 
Bolivia and southern coastal Peru as well as a number of sites in central Chile and 
southern Argentina; the Santacrucian (early Miocene) is represented in Bolivia, the 
Chilean Andes, and Argentina. Nevertheless, even those assemblages have marked 
taxonomic differentiation and high percentages of regional endemics, and the SALMA 
correlations are based on only a few key indicator taxa (see e.g. Croft et al., 2004, 2009; 
Flynn et al., 2002a, b). For example, the Santacrucian-aged Chucal fauna, in the Chilean 
Altiplano, is bracketed by dates indicating an age range between 19 and 18 Ma— older 
than the classical Santacrucian localities in Patagonia which are between 18 and 16 Ma 
(Croft et al., 2004). The older age does not conflict with dates from preceding SALMAs, 
so the simplest interpretation is that Chucal represents a temporal range extension of the 
Santacrucian SALMA, rather than an indication that the Santacrucian is temporally offset 
between different locations.  
 For lowland tropical assemblages, faunal correlations to classical high latitude 
SALMAs is virtually impossible, and there appear to be some tropical biochrons or 
temporal intervals that are synchronous with SALMAs defined in high-latitudes but share 
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few if any taxa. An example of a regionally-recognizable but probably not continent-wide 
units is the Laventan Stage-Age, which was defined as a formal geochronologic unit as 
well as a biochronologic unit, based on the Miocochilius assemblage zone and the 
physical stratigraphy at its type locality in Colombia (Madden et al., 1997) and calibrated 
geochronologically by 40Ar/39Ar radioisotopic dating and magnetochronology (Flynn et 
al., 1997). The La Venta Fauna is dissimilar to any of the Patagonian SALMA faunas, 
and does not have diagnostic or characteristic guide fossils in common with SALMAs 
defined at higher latitudes. The Laventan, however, has been recognized in a number of 
places across tropical South America, including Fitzcarrald in the southwestern Peruvian 
Amazon (Antoine et al., 2007; Goillot et al., 2011; Pujos et al., 2013), and possibly the 
Iquitos fauna (Salas-Gismondi et al., 2014), as well as in the Bolivian altiplano, at 
Quebrada Honda (Croft, 2007).	   
For older SALMAs, an important factor is the relative dearth of Paleogene sites 
outside of Patagonian latitudes. Outside of Patagonia, the Contamana fauna of Peru is the 
only definitely Eocene-aged fauna. Antoine et al. (2012) correlated Contamana to the 
Barrancan-Mustersan SALMAs on the basis of shared genera of armadillos, marsupials, 
and notoungulates, in particular the relatively primitive (brachydont) notoungulate teeth, 
all of which supported a pre-Tinguirirican age for the Contamana fauna. The age of the 
nearby Santa Rosa fauna (Campbell, 2004) also has been assigned to the Eocene, but the 
mammalian fauna there differs strikingly from that of Contamana, including the presence 
of hypselodont notoungulate and rodent taxa and a very different rodent assemblage 
(Antoine et al., 2012; Bertrand et al., 2012). No analytical dates are associated with Santa 
Rosa, so its age determination was based on stage-of-evolution assessments of the 
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rodents and marsupials there (Frailey and Campbell, 2004; Goin and Candela, 2004; 
Shockey et al., 2004). The ungulate assemblage, however, implies a post-Eocene age for 
the fauna (Shockey et al., 2004) and the rodents are so different from those at other 
localities that inferences based on them are uncertain. In particular, the rodents were 
characterized as pre-“Tinguirirican” [their quotes] by Frailey and Campbell (2004), 
because they are less hypsodont than the rodents of Tinguiririca, or, if not assignable to a 
typical high-latitude SALMA, then simply early Oligocene-aged. 
Paleocene SALMAs are similarly geographically limited and difficult to 
correlate—the “Tiupampan” for example, currently recognized only at its typifying 
locality in Bolivia, does not necessarily overlap chronologically with Paleocene units 
recognized in Patagonia; nevertheless, its temporal relation to these units (especially the 
“Peligran”) is not clear because the geographic separation between Tiupampa and the 
other Paleocene units is so great. The distinctiveness of, and, if distinct, the ordinal 
relationships between, “Tiupampan” and “Peligran”, remain uncertain. As explained in 
detail in section 3.1, current age data are permissive of either unit being older. Debate 
over the chronologic order of the earliest Paleocene faunas is impossible to settle until the 
discovery of sites bearing the relevant correlative faunas in superposition.  
For now, the simplest approach is to follow the logic laid out in section 5.1; we 
propose the development of provisional regional timescales, that accommodate observed 
temporal overlap or diachroneity between units, for critical periods and geographic areas 
in the Cenozoic South American record. Subtleties of the timing and rates of major 
macroevolutionary events and patterns can thereby be more easily tracked and quantified, 
without the information loss that results from over-lumping across temporal and spatial 
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scales (see also: Croft et al., 2004; 2009; Marshall et al., 1997). Most importantly, our 
provincial timescale and core/permissive range frameworks represent explicit and 
rigorously formulated hypotheses with an inbuilt testing argumentation via the addition 
of new data. Our methodology reflects the same logical rigor and consistency as the 
formally defined Stage/Age protocol, but allows much greater flexibility and, crucially, 
greater accuracy in pinpointing the times and locations of remaining uncertainty.  
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Chapter Three: 
Two New Interatheres (Typotheria, Notoungulata, Mammalia) from Los Queñes, 
Chile: Initial Report of a Late Eocene Fauna from the Teno River Drainage of the 
Central Chilean Andes 
 
This chapter expands on the implications of using LMAs to calibrate evolutionary studies. 
Adapted from a manuscript of the same title that is currently in review at American 
Museum Novitates, authored by A.R. West, J.J. Flynn, D.A. Croft, R. Charrier, P.B. 
Gans, and A.R. Wyss. 
 
Abstract 
Two new interatheriid taxa are named and analyzed, representing the first species 
formally described from the Los Queñes Fauna, a late Eocene mammal assemblage from 
the Andean Main Range of central Chile. These two taxa, Anabalcarcel ignimbritae and 
Jackconrad carreterensis, represent the earliest hypsodont interatheres known. 
Preliminary 40Ar/39Ar and U-Pb geochronology results from this stratigraphic sequence 
indicate an age of ~35 Ma (between ca. 34.6 and 35.5 Ma) for the fauna. Based on 
ancestral state reconstructions using parsimony, hypsodonty appeared no later than the 
latest Eocene (34.6 ± 0.8 Ma; likely correlative with the Mustersan South American Land 
Mammal Age) in interatheres, a time when this dental specialization was not yet 
pervasive among other mammalian herbivores. The origin of hypsodonty in interatheres 
was marked by a substantial shift in tooth crown height just before the Eocene/Oligocene 
boundary at 34.6 ± 0.8 Ma (from an HI average of about 1.0 for Casamayoran taxa to 
1.77 for the last common ancestor of all latest Eocene and younger interatheres).  Another 
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substantial shift, to an average HI slightly >2.0, occurred just after the Eocene/Oligocene 
boundary, characterizing all Tinguirirican and younger hypsodont interatheres and 
consistent with climate-induced shifts to open habitat (potentially grassland) 
paleoenvironments driving dietary shifts and associated dental modifications. 
Hypselodonty was a Deseadan innovation, and at least two taxa independently reached 
higher hypsodonty indices still (Cochilius and Interatherium). Two tree-based methods 
developed for identifying particularly speciose clades (tree imbalance) or particularly 
high taxonomic origination rates (significant radiations) at a given node in a tree, were 
applied to an interathere phylogeny including the two new taxa.  These tree balance and 
diversification tests revealed two significant taxonomic radiations of interatheres, the 
early radiation of basal interatheriids and a later radiation of hypselodont taxa after the 
interval of dramatic global climatic change associated with the Eocene/Oligocene 
boundary. Brachydont lineages persisted across the Eocene/Oligocene boundary, but with 
much less diversity than their hypsodont relatives. To test the heterodox view that 
hypsodonty in native South American ungulates is instead linked to increased volcanic 
grit (rather than a climatically-linked shift in habitat and diet), a proxy for pyroclastic 
debris in the environment, the convergence rate of the Nazca and South American plates 
over time, was compared against the time-calibrated phylogeny of interatheres. Cenozoic 
convergence rates (therefore, volcanism) only saw a substantial increase well after the 
appearance of both hypsodonty and hypselodonty in interatheres, and after the beginning 
of the significant diversification of hypselodont interatheres, casting doubt on the role of 
ash as the primary causal agent for either of these morphological changes or any 
associated taxonomic diversifications.  
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INTRODUCTION 
Herein we introduce a latest Eocene-aged mammal fauna discovered recently within the 
Río Teno drainage of the Andean Main Range near Los Queñes, Province of Curicó, 
Chile. Our analysis provides the first formal description of components of this diverse 
fauna, here designated the Los Queñes Fauna. Comparisons of these two interatheres 
from the Los Queñes Fauna to interatheres from other faunas of known age and 
associated U-Pb radioisotopic dating refine temporal correlation for this fauna (the lowest 
of at least three stratigraphically superposed faunas in this collecting locale) that was 
initially reported to be pre-Tinguirirican in age and questionably assignable to the 
Casamayoran SALMA (Wyss et al., 2004). Preparation and initial assessment of key 
representative specimens revealed that this fauna clearly predates the Tinguirirican and is 
probably Mustersan in age (Flynn et al., 2012). This fauna has been variously been 
referred to as “Western Teno (lower)” (in Croft et al., 2008, Fig. 1) and “Western Teno 
(lower) (Los Queñes)” (in Flynn et al., 2012, Fig. 4.3). 
The Teno drainage lies several kilometers south of the Tinguiririca drainage, the 
latter of which yielded the first of what has become a string of discoveries of Cenozoic 
mammals in volcaniclastic deposits of the central Andean Main Range (Charrier et al., 
1990, 2002; Wyss et al., 1990, 1992, 1994, 1996; Flynn et al., 1995, 2003; Hitz et al., 
2000). Fossils making up the Los Queñes Fauna have been recovered from a rugged 
series of picturesque cliffs, buttes, and rocky slopes over a several kilometer wide region 
north of the Río Teno, east of Estero Las Leñas (= Estero Las Mulas), south of Cerro Alto 
de Cayetano, and west of Estero Cayetano. 
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 Strata preserving the Los Queñes Fauna were originally mapped as 
undifferentiated Farellones and Coya-Machalí formations (Klohn, 1960). The latter unit 
is currently generally termed the Abanico Formation. González and Vergara (1962) 
included the fossiliferous deposits in the Abanico Formation, to which they assigned a 
Cretaceous age based on Klohn (1960). The first conclusive evidence that this formation 
is Cenozoic in age (at least in large part) came from the discovery of fossil mammals 
(Novacek et al., 1989; Wyss et al., 1990). This finding, tentatively presaged in an early 
geochronological work (Charrier and Munizaga, 1979), has been robustly corroborated 
by numerous subsequent studies (Wyss et al., 1993, 1994; Charrier et al., 1996, 2002, 
2007, 2015; Gana and Wall, 1997; Kurtz et al., 1997; Fuentes et al., 2002; Flynn et al., 
2003; Mosolf, 2013; Tapia, 2015). (In an unexpected twist, very recent studies (Mosolf, 
2011, 2013; Tapia, 2015) indicate that some strata in the Tinguiririca River valley 
traditionally attributed to the Abanico Formation predate the Cenozoic, ranging at least as 
old as ~75 Ma.) Our studies of the Los Queñes sequence (mapping, paleontologic, and 
geochronologic) indicate that all currently known fossil-producing strata there pertain to 
the Abanico Formation. It may be noted, however, that the Late Cretaceous and Cenozoic 
deposits in this Andean region are generally very similar in their predominantly volcanic 
and volcaniclastic lithologies, and in being laterally discontinuous. These qualities often 
make it difficult to establish whether local sections correspond to different 
lithostratigraphic units or simply lateral facies of the same one, particularly in the absence 
of well-exposed unconformities or secure geochronologic information.  Indeed, these 
qualities challenge the notion of whether the formal conception of “formations” is even 
applicable to such deposits. Despite the persisting difficulty of consistently differentiating 
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some post-Neocomian units in this segment of the Principal Cordillera, the half century 
since the pioneering study by Klohn (1960) has witnessed great strides in unraveling the 
complex stratigraphy of this Andean region. Instrumental to this progress have been the 
paleontologic studies performed by our research group over the last three decades. 
Fossils under consideration here are the first to be described from this rich fauna; 
preparation (and hence study) of these fossils is slowed by the extraordinarily hard and 
brittle volcaniclastic matrix in which they are preserved.  With continued preparation, and 
potential future fieldwork, more novel taxa are almost certain to emerge from the Los 
Queñes area in coming years.  
Interatheriid notoungulates (endemic South American “ungulates”) are 
traditionally subdivided into a residuum of taxa formerly known as “notopithecines”, now 
recognized as a paraphyletic assemblage of mostly small-bodied, brachydont forms, 
known from the middle to late Eocene (currently termed basal interatheriids), and the 
Interatheriinae, a monophyletic group of medium-sized, hypsodont to hypselodont taxa 
ranging late Eocene to middle Miocene in age. We define Interatheriinae in the sense of 
Hitz et al. (2000), i.e., as a node-based name attaching to the clade including 
Santiagorothia and all later-diverging taxa. Basal interatheriids are morphologically 
variable, ranging from small, brachydont early-diverging taxa (e.g., Notopithecus, 
Antepithecus) to somewhat larger and moderately hypsodont, later-diverging forms (e.g., 
Eopachyrucos). The two new taxa described herein add to the recognized diversity of 
basal interatheriids, falling phylogenetically between the earliest-diverging interatheriids 
and the Interatheriinae, in turn indicating that the attainment of large body size and 
hypsodonty were likely decoupled.  
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We also explore the relationship between patterns of interathere diversity and 
paleoenvironmental changes in South America across the Eocene/Oligocene boundary. 
This boundary is characterized in South America by generally lower temperatures, drier 
climate, and more open habitats following the Eocene/Oligocene boundary (Pascual and 
Ortiz-Jaureguizar, 1990; Pascual et al., 1996; Flynn and Wyss, 1998; Kay et al., 1999; 
Croft, 2001; Croft et al., 2003, 2008; Flynn et al., 2003, 2012; Shockey and Flynn, 2007; 
Woodburne et al., 2014; Kohn et al., 2015; but see Dunn et al., 2015). These changes are 
thought to have influenced the evolution of South American mammals, in particular 
driving a shift toward higher crowned dentitions as grazers consumed increasingly 
abrasive diets as habitats opened (Janis, 1984, 1988, 1990, 1995; Croft et al., 2003; West 
et al., 2013). The origin of hypsodonty alternatively has been ascribed to a presumed 
sharp increase in volcanism leading up to the Eocene/Oligocene boundary, although 
whether this volcanic pulse is envisioned to have occurred on a local, regional, or 
continent-wide scale is unclear. In this view, the frequent and intense dusting of 
vegetation with volcanic ash (abrasive siliceous particles) accelerated the wear of 
herbivore dentitions, thereby creating selective pressure towards hypsodonty (Madden et 
al., 2010, Strömberg et al. 2010; Dunn et al., 2013, 2015). Global climate, in turn, seems 
to have a strong give-and-take interaction with tectonics, i.e. climatic forcing of tectonic 
uplift rates, and uplift’s impact (specifically, topology change and erosion rate change) on 
climate (Armijo et al., 2015; Kohn et al., 2015). West et al. (2013) provided an initial 
analysis of two potential explanatory models, expanded upon in this study. A subsequent 
proposal (Kohn et al., 2015) envisioned hypsodonty as arising not from a single major 
regional climatic change across the EOT, but instead from an evolutionary “ratchet,” or 
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cumulative selective effect stemming from of a series of short perturbations, including 
those driven by global climate and tectonics, that produced a directional change. We also 
assess this new third model briefly in light of our results.  We	  assess	  whether	  the	  evolution	  of	  hypsodonty	  and	  related	  and/or	  subsequent	  taxonomic	  diversification	  in	  interatheres	  are	  related	  to	  climate	  change	  and	  environmental	  associated	  with	  the	  EOT	  and/or	  to	  a	  pulse	  in	  Andean	  volcanism—which	  hypothetically	  rapidly	  changed	  soil	  composition	  to	  increase	  the	  amount	  of	  dietary	  grit.	  We	  assess	  possible	  linkages	  between	  interathere	  diversification,	  hypsodonty,	  climate	  change,	  and	  volcanism	  by	  evaluating	  the	  shape	  of	  our	  interathere	  phylogenetic	  tree	  using	  comparative	  methods	  developed	  for	  the	  study	  of	  diversification	  and	  evolutionary	  rates	  in	  extant	  clades.	  	  
MATERIALS and ABBREVIATIONS 
Vertebrate Paleontology collections of the Museo Nacional de Historia Natural, Santiago, 
Chile (SGOPV); American Museum of Natural History (AMNH); dental abbreviations: 
left/right (L/R), upper/lower incisor (I/i), upper/lower canine (C/c), upper/lower premolar 
(P/p), upper/lower molar (M/m), upper/lower deciduous incisor (dI/di), upper/lower 
deciduous premolar (dP/dp); bootstrap support (BS); Bremer support or decay index (DI); 
hypsodonty index (HI); maximum parsimony trees (MPTs); operational taxonomic unit 
(OTU); phylogenetically independent contrasts (PIC); maximum likelihood (ML); 
relative cladogenesis function of GEIGER for R (RC); South American Land Mammal 
‘Age’ (SALMA); early Eocene climatic optimum (EECO); Eocene-Oligocene transition 
(EOT).  We apply the dental homology assessments and terminology of O’Leary et al. 
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(2013) for the penultimate and last upper and lower premolars (deciduous and 
permanent), referring to them as dP4/dp4, P4/p4, dP5/dp5 and P5/p5 (rather than the 
traditional dP3/dp3, P3/p3, dP4/dp4 and P4/p4), as the ancestral therian dP3/dp3 and 
P3/p3 deciduous and permanent tooth loci have been lost in both metatherians and 
eutherians.  For comparison to most prior descriptive and taxonomic publications on 
interatheres, P4/p4 (dP4/dp4) here is equivalent to P3/p3 (dP3/dp3) and P5/p5 (dP5/dp5) 
here is equivalent to P4/p4 and dP4/dp4 of those older papers. 
 
SYSTEMATIC PALEONTOLOGY 
NOTOUNGULATA ROTH, 1903 
TYPOTHERIA ZITTEL, 1893 
INTERATHERIIDAE AMEGHINO, 1887 
Anabalcarcel ignimbritae, new taxon 
Figures 3.1 and 3.2 
 
HOLOTYPE (AND SOLE ELEMENT OF HYPODIGM)  
SGOPV 5614: partial skull with left rostrum and zygoma, left I1-M2, right I1 and partial 
I2-M2, and right auditory bulla.  
 
 ETYMOLOGY 
Anabalcarcel after Ana Balcarcel, in recognition of her skilled and painstaking 
preparatory work on the Los Queñes specimens and many other fossils from the Abanico 
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Formation of the Chilean Andes; ignimbritae for the extraordinarily hard, green 
ignimbrites in which these specimens are preserved.  
DIAGNOSIS 
Most synapomorphies of Interatheriidae concern aspects of the cranium and lower 
dentition not preserved in the holotype specimen, and few, if any, features of the upper 
dentition are strictly diagnostic for the Interatheriidae; assignment to the Interatheriidae 
therefore is based primarily on exclusion from other major clades of typotheres, as well 
as the presence of the diagnostic synapomorphy of a posterior spur of the maxilla that 
excludes the jugal from the orbit. SGOPV 5614 is excluded from the Archaeohyracidae 
by its prominent parastyle and paracone ridges, square upper molars with more 
transversely oriented protoloph and smaller paracone, more persistent lingual sulcus that 
sits closer to anterior edge of tooth, and less pronounced posterior branch of the lingual 
sulcus. SGOPV 5614 is excluded from the Mesotheriidae also by the parastyle and 
paracone ridges, and because it lacks a distal third lobe on the upper molars and has 
rooted and only moderately enlarged first upper incisors. SGOPV 5614 is excluded from 
the Hegetotheriidae by its closed tooth row and fossettes on the upper molars and 
premolars. SGOPV 5614 is distinguished from archaeopithecids by its less persistent 
upper molar labial fossettes. SGOPV 5614 is excluded from the Olfieldthomasiidae by its 
spatulate incisors and canines, and hypsodont cheek teeth. 
 Within Interatheriidae, SGOPV 5614 is distinguished from basal interatheriids 
(Notopithecus adapinus, Transpithecus obentus, Guilielmoscottia plicifera, Punapithecus 
minor, Antepithecus, Johnbell and Ignigena) by its hypsodont cheek teeth, a feature 
shared with the Interatheriinae. The upper molars of SGOPV 5614 are square rather than 
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rectangular, distinguishing it from Johnbell, Ignigena, and Eopachyrucos. SGOPV 5614 
shares with Johnbell and Ignigena cheek tooth fossettes that fuse early in wear (antero- 
and posteroexternal fossettes—the anteroexternal one already fused with the lingual 
sulcus—are visible on M2 in SGOPV 5614, while breakage obscures these features on 
M1). Like Santiagorothia, the cheek teeth of SGOPV 5614 are hypsodont and bear 
lingual sulci that close early in wear. SGOPV 5614 is smaller, however, and the labial 
fossettes of its cheek teeth are less persistent. SGOPV 5614 is distinguished from other 
interatheriines (except Proargyrohyrax and Santiagorothia) by its lack of hypselodont 
cheek teeth, relatively un-enlarged and spatulate first incisors, and smaller size. 
 
TYPE LOCALITY  
Locality C-05-25, Abanico Formation, Los Queñes area, Río Teno valley, central Chile. 
This locality is within the lower fossiliferous sequence of the Abanico Formation in the 
Los Queñes area, in the series of strata yielding the Los Queñes Fauna.  Several other 
fossiliferous horizons and intervals occur higher in this section within the Abanico 
Formation and possibly younger formations, and faunas from those levels will be 
assigned a distinct name to differentiate them from the principal Los Queñes Fauna. 
 
KNOWN DISTRIBUTION 
Known only from the type locality. Late Eocene, likely Mustersan SALMA, in age. 
Directly associated with and bracketed by 40Ar/39Ar and U-Pb radioisotopic dates, 
presented in this paper (34.6 ± 0.8 Ma from the lower fossiliferous stratigraphic interval 
that includes Locality C-05-25; 32.5 ± 1.0 Ma from overlying strata; and preliminary 
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dates ranging from about 35.5-37.1 Ma from underlying strata), with additional 
geochronologic analyses in progress to further refine the age of this locality, the Los 
Queñes Fauna, and horizons throughout the section in this area. 
 
DESCRIPTION 
Anabalcarcel ignimbritae is represented by a single specimen, the holotype SGOPV 
5614, a partial left rostrum and zygoma, left I1-M2 and partial M3, right I1 and partial I2-
M3, and right auditory region (figures 3.1 and 3.2). The left M3 is largely missing, but a 
sliver of enamel embedded in the maxilla distal to M2 may represent its- lingual base. 
The right side of the rostrum preserves I1, as well as the tips of the crowns of I2 and I3, 
slivers of the occlusal surfaces of P1-M2, and a very small fragment of the lingual edge 




Figure 3.1. Anabalcarcel ignimbritae, new taxon, SGOPV 5614 (holotype) partial skull with 
left side of rostrum and zygoma, LI1-M2, RI1 and fragmentary RI2-M2, right auditory bulla 
and fragmentary right rostrum and zygoma (embedded in resin). A. buccal view, B. 




The incisors and canine are unreduced relative to basal interatheriids, flat lingually, and 
convex labially. I1 is approximately twice the width of I2-C. In lateral view I2-C form 
rounded triangles, the coronal apices of which are shifted mesially. The incisors and 
canines are strongly imbricated, each one overlapping about half the width of the tooth 
behind it. The metaloph of the first premolar is expanded, making the tooth rhomboidal in 
occlusal outline. It is as long as the canine mesiodistally. A broad, mesially oriented 
groove separates the metaloph from the protoloph mesially. The protoloph is short. The 
labial face of P1 is smooth and convex, like that of the canine. P2-5 and M1-2 are 
roughly quadrate, with anteriorly expanded parastyles that overlap the posterolabial 
corner of the preceding tooth. The metaloph is long and transversely oriented, while the 
protoloph, which is continuous with the parastyle labially, slopes anterolabially to 
distolingually. P2 is larger and distinctly more molariform than P1 but is still 
considerably smaller than all succeeding cheek teeth; a fairly sharp parastyle-paracone 
ridge occurs labially. A small fossette, probably a remnant of the lingual sulcus, occurs 
between the proto- and metalophs. This fossette, very near the mesial edge of the tooth, 
results in a narrow protoloph. No traces of anteroexternal or posteroexternal fossettes are 
seen on P2. P4 is larger than P2, primarily because of its longer, more distally directed 
metaloph. The lingual sulcus is isolated, as in P2, and a small depression occurs in the 
same position as the posteroexternal fossette of the molars. P4 and P5 are very similar, 
bearing distinct parastyle and paracone columns separated by a sharp groove. M1 is the 
largest upper cheek tooth; it bears a long, transversely oriented protoloph and a B-shaped 
lingual fossette. The labial surface of M1 is smoother than in the premolars, being 
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interrupted only by a shallow groove between the parastyle and paracone columns. A 
narrow crack bisects M1, slightly obscuring occlusal morphology. M2 is smaller than 
M1, perhaps because M1 is more heavily worn. M2 has a more persistent labial groove, a 
more posteriorly slanted protoloph (giving it a less square occlusal outline, narrower 
lingually), and a more persistent lingual sulcus, than does M1. The tooth row is 
completely closed, lacking any diastemata. The premolars and molars are hypsodont, 
with no constriction at the base that would indicate presence of a root. The incisors and 
canine are clearly rooted and thus are not hypselodont.  
 
ROSTRUM 
Much of the ventral side of the zygoma is hidden beneath matrix, but the lateral side of 
the jugal and maxilla are exposed, and a posterior spur of the maxilla excludes the jugal 
from the orbit. The fairly large (2 mm) infraorbital foramen is positioned above the 
anterior edge of P5. The lacrimal is large and appears to extend mesially over the 
infraorbital foramen, and to lap into the anterior part of the orbit. The zygoma joins the 
rostrum above the anterior edge of M1 at a steep, but not perpendicular, angle. Most of 
the rest of the cranium is either missing or remains covered by matrix. A small section of 
the right auditory bulla is exposed; the dorsal side of the auditory region can be seen 
through the resin within which the specimen is mounted, but its relation to other bones of 
the cranium is unclear. The specimen is broken along a plane, one axis of which parallels 
the sagittal plane and the other axis of which runs diagonally from just above the left 
orbit, ventrally and laterally to just above the right tooth row. The surface of this planar 




Figure 3.2. Anabalcarcel ignimbritae, new taxon, SGOPV 5614 (holotype), LI1-M2, RI1 and 
fragmentary RI2-M2. A. schematic drawing, B. photograph. Occlusal view, anterior is to 





Table 3.1. Dental measurements (in mm) for Anabalcarcel ignimbritae (SGOPV 5614) 	  	  
Locus	   Mesiodistal	   Buccolingual	  
I1	   6.25	   2	  
I2	   4.3	   2	  
I3	   3.55	   1.9	  
C	   4.3	   1.9	  
P1	   4.6	   3.1	  
P2	   5	   4.1	  
P4	   4.2	   5.1	  
P5	   5	   5	  
M1	   5.9	   7	  
M2	   6.7	   5.1	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Jackconrad carreterensis, new taxon 
Figures 3.3 and 3.4 
HOLOTYPE 
SGOPV 5675: partial left dentary and symphysis bearing Li1-m3, Ri1.  
 
PARATYPE 
SGOPV 5628: mandibles bearing L and R di1-c, p1, dp2-5 and incompletely erupted L 
and R m1. 
 
ETYMOLOGY 
Jackconrad after the late Dr. Jack L. Conrad, respected paleontologist, mentor, and 
friend, and husband to Ana Balcarcel; carreterensis for the Los Queñes locality “Fossil 
Highway” where the specimens in this paper were found.  
 
DIAGNOSIS 
Jackconrad carreterensis is known from only the holotype and paratype specimens 
(figures 3.3 and 3.4, respectively). SGOPV 5675 and SGOPV 5628 are identified as 
interatheriids by strongly bilobed lower molars with persistent labial and lingual sulci. 
They are distinguished from Johnbell and Ignigena by larger size and greater degree of 
hypsodonty. They are similar in size to Eopachyrucos ranchoverdensis and share with 
that taxon a strongly defined and posteriorly deflected metalophid. In contrast to 
Eopachyrucos, however, they bear a longer p2 talonid, and the trigonid/talonid basins of 
p4-m3 are squarer in outline. Other than these two distinctions, Jackconrad carreterensis 
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and Eopachyrucos are scored the same in our character matrix (see appendix 1). SGOPV 
5675 and SGOPV 5628 are larger than Proargyrohyrax and Santiagorothia; differing 
from the latter in having a larger talonid and a longer, more transversely oriented 
metalophid on p2, and from the former in having more distinct hypoconids on m1-2 than 
on p4 and p5. They are distinguished from the interatheriine clade containing 
Federicoanaya, Interatherium, and all descendants of their immediate common ancestor, 
by lacking hypselodont premolars and having a less strongly developed lingual sulcus 
dividing the trigonid and talonid of p4 and p5, such that those premolars are not 
completely bilobed.   
 
TYPE LOCALITY 
Locality C-05-30, Abanico Formation, Los Queñes area, Río Teno valley, central Chile. 
This locality is within the lower fossiliferous sequence of the Abanico Formation in the 
Los Queñes area, but slightly stratigraphically separated from Loc. C-05-25 (the type 
locality for Anabalcarcel ignimbritae), in the series of strata yielding the Los Queñes 
Fauna. Several other fossiliferous horizons and intervals occur higher in this section 
within the Abanico Formation and possibly younger formations, and faunas from those 




Known only from the type locality.  Late Eocene, likely Mustersan SALMA, in age. 
Associated with and bracketed by 40Ar/39Ar and U-Pb radioisotopic dates, presented in 
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this paper (34.6 ± 0.8 Ma from the lower fossiliferous stratigraphic interval that includes 
Locality C-05-25; 32.5 ± 1.0 Ma from overlying strata; and preliminary dates ranging 
from about 35.5-37.1 Ma from underlying strata), with additional geochronologic 
analyses in progress to further refine the age of this locality, the Los Queñes Fauna, and 
horizons throughout the section in this area. 
 
DESCRIPTION 
Jackconrad carreterensis is represented by SGOPV 5675 and SGOPV 5628, the former 
of which is designated the holotype because it possesses a complete permanent 
mandibular dentition. The latter specimen is designated the paratype of Jackconrad 
carreterensis as it preserves deciduous teeth not represented in the holotype. Dental 
metrics are presented in table 2.  
 
PERMANENT LOWER DENTITION  
The permanent lower dentition is described principally from SGOPV 5675, as well as p1 
and m1 of SGOPV 5628. The lower incisors are neither enlarged nor reduced relative to 
the state in basal interatheriids, i1-3 and the canine being subequal in size. The incisors 
are transversely flattened and bear a shallow and vertically oriented lingual groove. The 
incisors are narrow and highly procumbent, with i2-c imbricating laterally. The entire 
tooth row is closely appressed and uninterrupted by diastemata. The first premolar 
resembles the canine but is slightly larger. The second premolar is slightly molariform; its 
trigonid is narrow and lingually concave, consisting only of the protolophid. The talonid 
of p2 is mesiodistally shorter but somewhat wider than the trigonid. A small lingual 
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sulcus divides the hypoconulid from the entolophid. The molariform p4-5 bear distinctly 
square-shaped talonid basins. A labial sulcus runs between trigonid and talonid basins; a 
lingual sulcus occurs distal to the labial sulcus and is less persistent through wear. The 
posteriorly deflected metalophids are separated from the short, but distinct and 
transversely oriented, paralophids by broad, moderately persistent lingual sulci that 
become isolated as fossettids. The talonids and trigonids of p4-5 are equal in size. The 
small, rounded entoconids are divided from the hypolophids by broad, shallow grooves. 
By comparison, these grooves are deep in the molars and ultimately contribute to 
incompletely isolated talonid fossettes during wear.  
 The molars are distinctly bilobed, divided by persistent, opposing labial and 
lingual sulci. The molars bear a distinct hypoconulid, small in m1-2 but large in m3. With 
wear, the hypoconulid forms a small posterior lobe in m3. The molar trigonids bear long, 
transversely oriented para- and metalophids, making these teeth square in outline. The 
lingual sulci of the molar trigonids are deep and persistent, and ultimately form fossettids 
near the trigonid/talonid juncture. Both first lower molars are visible in SGOPV 5628, 
still within their crypts. The m1 protoconid is the largest cusp, followed by the metaconid 
and then a small paraconid. The m1 protoconid and metaconid are joined by a low 
metalophid. The lingual and distal parts of m1 are not visible, presumably because they 
are more deeply buried within the ramus. A broken section of the right dentary reveals a 
moderately hypsodont m1, the crown measuring approximately 11 mm in height along 
the external surface. No roots are evident on this tooth, though judging from the other 
teeth in this specimen and the phylogenetic relationships of this taxon, it is likely that 




Figure 3.3. Jackconrad carreterensis, new taxon, SGOPV 5675 (holotype), left dentary and 
symphysis, Li1-m3, Ri1. A. occlusal view, B. schematic drawing of occlusal view, C. buccal 















i1	   3.01	   3.03	  *	   2.6	   1.9	  *	  
i2	   4.9	   3.8	  *	   2.3	   2.0	  *	  
i3	   5.55	   4.8	  *	   2.01	   2.0	  *	  
c	   6.1	   5.4	  *	   2.5	   1.9	  *	  
p1	   7.3	   6.7	   2.01	   2.2	  
p2	   8.1	   8.95	  *	   4.3	   3.6	  *	  
p4	   8.2	   8.95	  *	   4.6	   3.6	  *	  
p5	   7.9	   8.8	  *	   4.55	   4.5	  *	  
m1	   8.6	   -­‐	   4.6	   -­‐	  
m2	   9.01	   -­‐	   4.1	   -­‐	  
m3	   10.5	   -­‐	   4.3	   -­‐	  
 







Figure 3.4. Jackconrad carreterensis, new taxon, SGOPV 5628 (paratype), partial left and 
right rami and dentaries, L and Rdi1-c, p1, dp2-5 incompletely erupted L and Rm1. A. 
buccal view of right mandible (mirrored), B. occlusal view, C. schematic drawing of 




DECIDUOUS LOWER DENTITION 
The deciduous lower dentition is described from SGOPV 5628. The deciduous incisors 
and canine are smaller, thinner laterally, and have narrower roots than their successors, 
but are otherwise very similar. The deciduous canines, slightly larger than di3, have a 
broad, shallow lingual groove and a slightly bifurcated occlusal edge mesially. The 
deciduous incisors and canines are laterally compressed and imbricated; the incisors are 
highly procumbent. A diastema is lacking. The first lower premolar is incompletely 
erupted and its occlusal edge is only slightly worn. Although dp1 is similar in shape to 
the deciduous canine (roughly triangular in lateral profile), it is about twice the length. 
Two broad, shallow grooves occur labially. The dp2 is slightly longer than dp4-5; its 
talonid is wide and bears a fossettid isolated early in wear. The lingual groove of the dp2 
talonid is evanescent and merges into a smooth lingual face. The dp2 trigonid is narrow, 
consisting of a paraconid and protoconid, joined by a thin, mesiodistally oriented, 
concave ridge, and a very short, transversely oriented metalophid. The latter remains 
connected lingually to the hypolophid by a narrow isthmus. The third and fourth 
deciduous premolars are slightly longer and more molariform than the permanent 
premolars, with squarer, more angular entoconids that become rounder (as in p4-5) as 
wear progresses. The metalophids are somewhat more posteriorly deflected and more 
angular in dp4-5 than in their permanent counterparts. The trigonid fossettid is lost on 
dp4 as this tooth becomes heavily worn, but persists and is deep in dp5, being completely 
isolated from the broad, moderately persistent lingual groove on the talonid. Both 
posterior deciduous premolars have large, well-defined hypoconulids. The left dp4 
trigonid, all of dp2, and the distal edge of dp1 in SGOPV 5628 are very heavily eroded, 
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as if broken off along a flat plane during weathering on the outcrop. The deciduous 
premolars are fairly high crowned (see table 2), but clearly narrow at the base to join 
distinct roots.  
 
DISCUSSION: NEW TAXA AND TOOTH REPLACEMENT 
Despite being known from non-overlapping dental elements, Anabalcarcel ignimbritae 
(for which only upper teeth are known) and the adult specimen of Jackconrad 
carreterensis (lower teeth) clearly differ in size, with the substantial disparity of the 
anteroposterior lengths of their cheek teeth and their total toothrow lengths precluding 
assignment to a single taxon (figure 3.5).  
 
	  
Figure 3.5. Plot of cheek tooth 
dimensions. Triangles = Anabalcarcel 
ignimbritae, squares = Jackconrad 
carreterensis, circles = Eopachyrucos 
pliciferus, star = E. ranchoverdensis, 
open shapes = deciduous teeth, filled 
shapes = permanent teeth, (inc.) = 
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 SGOPV 5628 and 5675 are referred to Jackconrad carreterensis based on the 
similarity of their first premolars and of the deciduous premolars to their permanent 
counterparts, and correspondence in tooth and jaw sizes. Deciduous and permanent p4-5 
differ subtly, and the two sets of teeth are scored the same in the character matrix. 
Enamel of the deciduous premolars is thinner and these teeth are narrower than their 
successors. The absence of m2 and m3, and the incipient eruption of m1 of SGOPV 5628 
confirm that it represents a juvenile. The incisors and canines of SGOPV 5628 are 
smaller than those of SGOPV 5675, an observation made particularly obvious when these 
teeth are compared to p1, which is the same size in both specimens. Croft et al. (2003) 
interpret some archaeohyracid specimens from the Tinguiririca Fauna as retaining 
deciduous incisors based on the smaller size of these teeth relative to those in other 
specimens, consistent with our interpretation that the incisors and canines of SGOPV 
5628 are deciduous. The second through fifth premolars of SGOPV 5628 also are 
deciduous; they are more heavily worn than the first premolars of SGOPV 5628, have 
thinner enamel, and are slightly more molariform and longer mesiodistally than the p2-5 
of SGOPV 5675. Additionally, the broken part of the mandibular ramus of SGOPV 5628 
reveals a partial cross-section of the right dp5 and m1, the former of which has shorter 
roots whereas the latter is open-rooted. Jackconrad carreterensis is diagnosed mainly by 
characters of the permanent dentition, because of limited knowledge of the deciduous 
dentitions for other related taxa. SGOPV 5628 is included in Jackconrad carreterensis 
based on characters of the permanent teeth preserved in this juvenile specimen (p1, 
broken part of unerupted m1) as well as the similarity of the deciduous teeth (di1-3, dc, 
dp2-5) to their successors in SGOPV 5675. Based on wear stages of the deciduous teeth 
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of SGOPV 5628, we infer that dp2 (heavily worn) was the first cheek tooth to erupt, 
followed by dp4 and then dp5 (little worn). The first premolar is incompletely erupted, 
but exhibits light wear; it is inferred to be the fourth cheek tooth to erupt, followed then 
by m1, m2, and m3 in that order, and then by the permanent premolars. In other 
interatheres, deciduous premolars are replaced in the same order as they erupt (Vera and 
Cerdeño, 2014), suggesting that the permanent premolars would have erupted after the 
molars, in this order: p2, p4, and p5. No conclusions about the relative timing of 
replacement anterior dentition can be reached based on this specimen (except that 
replacement occurs sometime after m1 begins to erupt). The cheek tooth eruption 
sequence in New Taxon B is identical to that seen in Antepithecus brachystephanus—
SGOPV 3604 (Hitz et al., 2006). In other specimens of A. brachystephanus, however, as 
well as in Notopithecus adapinus and Transpithecus obtentus, the eruption sequence is 
dp5, dp4, then dp2 (Vera and Cerdeño, 2014). In either case, the fact that the molars in 
SGOPV 5627 are unerupted supports the inference that the three teeth anterior to them 
are deciduous, since the eruption of molars is agreed to precede eruption of the 
permanent premolars in interatheriids and notoungulates generally (Vera and Cerdeño, 
2014). Although it is unclear whether eruption order is a plastic trait or a phylogenetically 
informative one (Smith, 2000; Vera, 2013), the differences between the eruption patterns 
observed among interatheres are considerable and merit further consideration. 
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PHYLOGENY OF INTERATHERIIDAE  
 
PHYLOGENETIC METHODS 
The phylogenetic analysis of Interatheriidae presented here builds on that of Hitz et al. 
(2006). Two characters from the Hitz et al. (2006) matrix were modified to reflect the 
slightly broader range of observed character states in the new taxa than previously 
recorded, and premolar terminology has been modified to follow the homology 
determinations of O’Leary et al. (2013). Maximum parsimony trees (MPTs) were 
produced in TNT (Goloboff et al., 2008) by first performing a traditional tree search for 
10 replications, using tree-bisection-and-reconnection and saving 10 trees per replication; 
second, using those trees, performing a new technology search with sectorial search and 
tree fusing; and third performing a second traditional search in the same way as the first, 
starting with the trees in memory. This procedure produced 15 MPTs, each 73 steps long, 
with a consistency index of 0.712 and a retention index of 0.846. Decay indices (DI; or 
Bremer supports) were calculated as absolute support values from trees up to 20 steps 
less optimal than the MPT; these are shown along with relative frequency bootstrap (BS) 
values on the strict consensus tree (figure 3.6). All clades discussed below are referred to 













































































































































































































































































































































































































Figure 3.6.A. Strict consensus of the 15 most parsimonious trees. Bold labels to the left of 
branches are decay indices (DI) or Bremer supports at top and bootstrap (BS) values 
below (branches without labels below them have BS < 50%).  Unambiguously optimized 
synapomorphies are listed by the relevant nodes: characters without superscript or 
asterisk are state 1, asterisk = reversal to state 0, superscript = character state other than 
1. Complete list of synapomorphies supporting consensus nodes A through K, with 
ambiguously optimized (ACCTRAN) characters in square brackets: A: 2(1), 30(1), 31(1), 
37(1), [42(1), 36(1), 41(1)]; B: 13(1), [34(1), 35(1), 39(1), 40(1)]; C: 9(1), 12(1), 26(1), [17(1), 
23(1), 8(1)] ; D: 18(1); E: 24(1), 33(1), 34(1), [32(3), 5(1), 40(1)]; F: 13(2), 18(2); G: [33(2)]; H: 
23(3); I: 42(2), 32(2), 3(1), 5(0), 21(1), 25(1); J: 8(0); K: 28(1), 29(1). B. Adams consensus, 
showing that all MPTs recover consistent relationships within Interatheriinae and the 




Together with Eopachyrucos, the two new Los Queñes Fauna interatheres, Anabalcarcel 
ignimbritae and Jackconrad carreterensis, consistently fall out as basal to Interatheriinae 
(sensu Hitz et al., 2000; Clade E), within a more inclusive unnamed clade (clade D, fig. 6 
and 8), supported by having hypsodont posterior cheek teeth and larger body size than the 
more basal interatheriids. This clade is strongly supported (DI = 7) and is diagnosed by 
spatulate upper incisors and canines, hypsodont cheek teeth, a straight and transversely 
oriented nasofrontal suture, and the zygoma joining the rostrum at a steep angle. In all 15 
MPTs, Eopachyrucos is the immediate outgroup of Interatheriinae, followed more basally 
by Anabalcarcel ignimbritae and then Jackconrad carreterensis, consistent with the older 
age of these taxa relative to Eopachyrucos and the interatheriines, but no characters 
unambiguously support this ordering. 
A clade consisting of Eopachyrucos + Interatheriinae (clade E) and the 
Interatheriinae proper (clade F, DI = 5) are recovered in all MPTs. Diagnostic characters 
for Interatheriinae in this analysis include presence of distinctly bilobed p4-5 (in addition 
to bilobed lower molars), a small descending process of the zygoma, and a sliver of 
frontal which excludes the maxilla from the orbital margin, a distribution consistent with 
the synapomorphies of Interatheriinae identified by Hitz et al. (2000, 2006). 
Within Interatheriinae there is some decay index support for various clades, 
although only one (Clade J) has more than 50% bootstrap support. The most robustly 
supported clades are Proargyrohyrax plus Santiagorothia (Clade K), and a Clade G 
composed of all the remaining interatheriines in the analysis (clades K and G each have 
DI = 4). The pairing of Interatherium and Cochilius (Clade J) is supported by 6 
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unambiguous synapomorphies and moderate nodal support values (DI = 2; BS = 57%). 
Other clades within Interatheriinae have DI = 1 or 2. 
A clade including Ignigena and all later diverging interatheres is robustly 
supported (Clade C; DI = 13, BS = 67%), sharing the presence of a reduced metacone 
ectoloph and shallow paracone/parastyle grooves on P2-5 (i.e., a generally more 
simplified buccal surface of the premolars), square or mesiodistally elongate upper 
molars, and distinctly bilobed lower molars. Strong support for monophyly of Clade B (= 
all interatheres, except Notopithecus adapinus; DI = 17, BS = 71%)) highlights the 
placement of Notopithecus as the earliest-diverging member of the Interatheriidae; 
although Clade B is diagnosed by only one unambiguously optimized character, it is 
further supported by four other ambiguously optimized characters (noted in the caption 
for figure 3.6).  Future analyses should focus on identifying more phylogenetically 
informative characters that may aid in resolving relationships among the basal 
interatheriids, represented by a polytomy of many taxa at Node B. The Interatheriidae 
(Node A) is supported by four unambiguous synapomorphies relative to the outgroup 
taxon, Colbertia magellanica: laterally compressed I2-C, jugal excluded from the orbital 
margin by a process of the maxilla, the nasofrontal suture is far anterior to the orbital 
margin, and the zygoma is attached at a steep angle to the face.  
  
 177 
GEOCHRONOLOGY OF THE LOS QUEÑES SEQUENCE 
Fossiliferous volcaniclastic strata in the Los Queñes area occur in two distinct lithologic 
intervals separated by a slight angular unconformity. The lower (older) of these intervals 
is the focus of the paleontological research described in this paper (see figure 3.7). The 
fossil-bearing beds in this lower interval occur within an approximately 250 m-thick 
succession of 1-2 m thick, plane-bedded, purple-weathering muddy debris flow deposits. 
In addition to occasional beautifully preserved fossils, these beds typically contain a few 
percent pumice and angular lithic fragments and variable amounts of volcanic crystals 
(mainly plagioclase) in a reddish to purple clay to silt-sized ashy matrix. Preliminary age 
constraints on the fossil bearing horizons indicate the entire ~250 m thick section is 
approximately 35 Ma. Specifically, the section is overlain by a sequence of andesite lava 
flows and breccias that have yielded a 40Ar/39Ar age of 32.5 ± 1.0 Ma, and the sequence 
overlies an older succession of volcaniclastic sandstones and ignimbrites that have 
yielded preliminary U-Pb zircon ages of 35.5 to 37.1 Ma. Detrital zircons separated from 
one particularly fossil-rich horizon near the top of the fossiliferous section yielded a 
single coherent population of U-Pb zircon ages with a mean age of 34.6 ± 0.8 Ma, 
interpreted to closely approximate the depositional age of a debris flow that incorporated 
recently erupted volcaniclastic tephra of that age. A more complete description of the 
stratigraphy, geochronology, and depositional/tectonic history of the Los Queñes area is 
in preparation and will be published elsewhere (Gans et al., in prep.).  
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Figure 3.7. Lithostratigraphy of the composite Los Queñes section with fossiliferous 
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DIVERSIFICATION, PALEOCLIMATE, AND ANDEAN TECTONIC HISTORY 
 
BACKGROUND 
The degree of temporal correlation between interathere diversity, climate change, and 
intensity of volcanism was assessed using a variety of measures. Climate change and 
volcanism have both been implicated in the origin of hypsodonty across notoungulate 
families (e.g., Janis, 1984, 1988, 1990, 1995; MacFadden, 2000; Janis et al., 2002; Croft 
et al., 2003; Madden et al., 2010, Strömberg et al., 2010; Kaiser et al., 2011; Jardine et 
al., 2012; Dunn et al., 2013, 2015; Bellosi and Krause, 2014; Kohn et al., 2015). Climatic 
deterioration (cooling and drying) across the Eocene-Oligocene transition (the EOT) is 
recorded in many paleoenvironmental proxies. We employed a paleotemperature record 
from the south Atlantic, near Patagonia (Cramer et al., 2009). That temporally well-
calibrated paleotemperature record spans the entire temporal range of interatheres. 
Lacking a direct record of the history of volcanism in southern South America, we use 
reconstructed rates of convergence between the South American and Nazca plates across 
the southern Andes at 40° S as a proxy for the flux of ash production from subduction-
zone volcanism into regional terrestrial environments. Convergence rates are expected to 
be positively correlated to the rate and volume of volcanic ash produced by Andean 
volcanoes, based on the geodynamics of subduction zones. Convergence rate data were 





DIVERSIFICATION TEST METHODS 
Patterns of character evolution and evolutionary diversification in the Interatheriidae 
were elucidated by comparing taxonomic diversity over time, in particular the 
occurrences of statistically significant radiations, with three time-series datasets: 
hypsodonty index, paleotemperature, and tectonic convergence rate. The 15 MPTs 
obtained by the phylogenetic analysis were time-calibrated using a composite, up-to-date 
SALMA timescale (Flynn et al., 2012; Woodburne et al., 2014). These time-calibrated 
trees were used to reconstruct ancestral hypsodonty indices (HI), permitting temporally 
constrained analyses of changes in HI and pinpointing when hypsodonty and 
hypselodonty originated in interatheres. Nodes on the trees that gave rise to higher than 
expected numbers of speciation events were identified using two different phylogenetic 
comparative methods (henceforth: “tree balance tests”) implemented in R (R 
Development Core Team, 2011). These data were used in concert to examine the 
chronologic relationships between increases in species diversity and the appearances of 




The 15 MPTs from the phylogenetic analysis were time-calibrated from published ages 
for the SALMA range of each taxon, using the paleotree package for R (Bapst, 2012; R 
Development Core Team, 2011). Zero-length branches induced by synchronous first 
appearances were replaced with short branches of a specified length because subsequent 
analyses required fully resolved trees. Durations of 10,000 and 1 million years were 
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initially used in two separate analyses to reconstruct ancestral states for these short 
branches. Because ancestral state estimates did not differ significantly (within 95% 
confidence intervals) between these alternative estimates of short branch durations in 
initial analyses, we uniformly added an intermediate value of 500,000 years to each zero-
length/short branch for all subsequent analyses. 
We employed three methods for determining the age of first and last appearances 
of taxa: (1) maximum and minimum SALMA numerical age bounds for each taxon; (2) 
mean and minimum age bounds; and (3) ages assigned randomly from a uniform 
distribution between the maximum and minimum ages for each SALMA age constraint. 
The third method was intended to mitigate uncertainty about the temporal range of a 
taxon within the bounds of a SALMA. Multiple taxa with the SALMA range are thus not 
constrained to have identical temporal ranges in calibrations by this last method. The age 
of the interathere root node is poorly constrained (and necessarily represents only a 
minimum) regardless of the method used, since interatheres are not sampled prior to the 
Casamayoran SALMA. Since results of subsequent tests differed little irrespective of the 
calibration method used, we report only the results from the first method. 
 
Time-calibration, ancestral state reconstruction, and the origins of hypsodonty and 
hypselodonty 
 Measurements to calculate the hypsodonty index for each taxon (operational taxonomic 
unit; OTU) were taken from published sources or measured on specimens in the fossil 
mammals collections at the AMNH (table 3). Ancestral state estimations were calculated 
with the ace function in the ape package for R, using phylogenetically independent 
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contrasts (PIC) (Felsenstein, 1985; Paradis et al., 2004). Ancestral state reconstructions 
were made for nodes on each of the 15 MPTs. Independent contrasts uses a generalized 
least squares algorithm to fit continuous trait values to nodes in a tree, given trait values 
in the OTUs (here, measured HI values), branch lengths (time-calibrations), and tree 
topology, under a Brownian motion model of trait evolution that considers trait changes 
to be equally likely in all directions (Grafen, 1989). This method was chosen because it 
has been documented as outperforming maximum likelihood (ML) methods when short 
branches are involved (Felsenstein, 1985; Cunningham et al., 1998), as in the case for 
some branches in our time-calibrated phylogenies. 
 
Tree balance tests  
To investigate the relationship between interathere diversity and environmental variables 
(climate/paleotemperature, hypsodonty, and subduction rate/volcanic input flux), we used 
two tree-topology based analyses, both developed for identifying particularly speciose 
clades (tree imbalance) or particularly high taxonomic origination rates (significant 
radiations) at a given node in a tree.  
The first analysis identified nodes giving rise to more species diversity than 
expected under a null distribution of relative cladogenesis, i.e., a distribution of the 
expected number of descendants per node, in the context of constant speciation rates over 
the whole phylogeny (Schluter, 2000). A significantly more diverse clade than expected 
under the null model may reflect the advent of some evolutionary innovation or event 
unique to that lineage, fostering greater diversity than in sister lineages. This test was 
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implemented using the comparative phylogenetics package GEIGER for R (Harmon et 
al., 2008).   
The second analysis also used a measure of tree balance but implemented in a 
Bayesian rather than maximum likelihood framework (apTreeshape package for R: 
Bortolussi et al., 2006). Therefore this required specifying prior values for diversification 
rates for lineages ancestral to (lambda1) and descending from (lambda2) the node of 
interest (i.e. the node ancestral to a hypothetically more diverse clade). The unbalance 
statistic is a simplified version of Delta1 (Moore et al., 2004) and is tested against a null 
model of no diversification rate change (i.e., lambda1 = lambda2) using Monte-Carlo 
estimation. As a sensitivity analysis, this test was carried out over several orders of 





Table 3.3. Dental measurements (in mm) used for hypsodonty reconstructions* 	  









HI	   HI	  
U	   L	  
Anabalcarcel	  
ignimbritae	   SGOPV	  5614	   11.2	   5.9	   -­‐	   -­‐	   1.9	   -­‐	  
Antepithecus	  
brachystephanus	   AMNH	  28701	   2.8	   4.0	   3.9	   4.0	   0.7	   1.0	  
A.	  brachystephanus	   AMNH	  28715	   -­‐	   -­‐	   3.0	   4.0	   -­‐	   0.8	  
A.	  brachystephanus	   AMNH	  28849	   -­‐	   -­‐	   3.1	   4.5	   -­‐	   0.7	  
A.	  brachystephanus	   AMNH	  28710	   -­‐	   -­‐	   3.8	   5.0	   -­‐	   0.8	  
A.	  brachystephanus	   AMNH	  28721	   -­‐	   -­‐	   3.0	   -­‐	   -­‐	   -­‐	  
A.	  brachystephanus	   AMNH	  28695	   -­‐	   -­‐	   3.0	   4.5	   -­‐	   0.7	  
A.	  brachystephanus	   AMNH	  28845	   -­‐	   -­‐	   3.0	   4.4	   -­‐	   0.7	  
A.	  brachystephanus	   AMNH	  28811	   -­‐	   -­‐	   2.6	   5.0	   -­‐	   0.5	  
A.	  brachystephanus	   AMNH	  29402	   2.8	   5.0	   -­‐	   -­‐	   0.6	   -­‐	  
A.	  brachystephanus	   AMNH	  28722	   3.9	   5.1	   -­‐	   -­‐	   0.8	   -­‐	  
A.	  brachystephanus	   AMNH	  28748	   4.0	   4.9	   -­‐	   -­‐	   0.8	   -­‐	  
A.	  brachystephanus	   AMNH	  28707	   -­‐	   -­‐	   3.0	   4.5	   -­‐	   0.7	  
A.	  brachystephanus	   AMNH	  28687	   -­‐	   -­‐	   2.2	   4.1	   -­‐	   0.5	  
Archaeophylus	  
patrius	   AMNH	  109588	   -­‐	   -­‐	   E	  *	   3.5	   -­‐	   -­‐	  
A.	  	  patrius	   AMNH	  39560	   E	   3.9	   -­‐	   -­‐	   -­‐	   -­‐	  
A.	  	  patrius	   AMNH	  109589	   H	   4.0	   -­‐	   -­‐	   -­‐	   -­‐	  




004507	   7.8	   7.5	   	   	   1.0	   	  
Cochilius	  fumensis	   AMNH	  29551	   E	   6.1	   H	   5.1	   	   	  C.	  fumensis	   AMNH	  29552	   -­‐	   -­‐	   E	   5.0	   -­‐	   -­‐	  
Cochilius	  volvens	   AMNH	  29657	   11.5	   4.7	   -­‐	   -­‐	   2.5	   -­‐	  
C.	  volvens	   AMNH	  29653	   -­‐	   -­‐	   E	   4.8	   -­‐	   -­‐	  
C.	  volvens	   AMNH	  29654	   -­‐	   -­‐	   H	   5.0	   -­‐	   -­‐	  
C.	  volvens	   AMNH	  29652	   -­‐	   -­‐	   -­‐	   5.0	   -­‐	   -­‐	  
C.	  volvens	   AMNH	  15914	   16.5	   5.0	   17.0	   4.2	   3.3	   4.1	  
C.	  volvens	   AMNH	  29686	   -­‐	   -­‐	   -­‐	   5.0	   -­‐	   -­‐	  
C.	  volvens	   AMNH	  116937	   -­‐	   -­‐	   16.2	   5.0	   -­‐	   3.2	  
Cochilius	  sp.	  
(?fumensis)	   AMNH	  29755	   15.0	   5.0	   -­‐	   -­‐	   3.0	   -­‐	  
Eopachyrucos	  




004500	   6.3	   6.0	   	   	   1.1	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Guilielmoscottia	  
plicifera	   AMNH	  129595	   2.4	   5.3	   -­‐	   -­‐	   0.5	   -­‐	  
Guilielmoscottia	  sp.	  AMNH	  129596	   -­‐	   -­‐	   3.1	   5.0	   -­‐	   0.6	  
Interatherium	  
robustum	   AMNH	  9263	   10.5	   5.0	   -­‐	   4.5	   2.1	   -­‐	  
I.	  robustum	   AMNH	  9154	   H	   4.0	   H	   3.9	   -­‐	   -­‐	  
I.	  robustum	   AMNH	  9284	   -­‐	   4.0	   H	   4.1	   -­‐	   -­‐	  
Interatherium	  
extensum	   AMNH	  9299	   14.0	   4.1	   -­‐	   -­‐	   3.4	   -­‐	  
Ignigena	  minisculus	  Hitz	  et	  al	  2006	   	   	   	   	   0.8	   	  Jackconrad	  
carreterensis	   SGOPV	  5628	   -­‐	   -­‐	   11.5	   8.6	   -­‐	   1.3	  
Johnbell	  hatcheri	   Hitz	  et	  al	  2006	   	   	   	   	   0.9	   	  Miocochilius	  
anomopodus	   AMNH	  45882	   27.0	   8.5	   -­‐	   8.2	   3.2	   -­‐	  
Notopithecus	  
adapinus	   AMNH	  28859	   2.6	   4.2	   -­‐	   -­‐	   0.6	   -­‐	  
N.	  adapinus	   AMNH	  28882	   2.1	   4.6	   1.6	   4.0	   0.5	   0.4	  
N.	  adapinus	   AMNH	  28718	   -­‐	   -­‐	   1.5	   3.4	   -­‐	   0.4	  
N.	  adapinus	   AMNH	  28813	   3.6	   4.0	   -­‐	   -­‐	   0.9	   -­‐	  
N.	  adapinus	   AMNH	  28792	   -­‐	   -­‐	   2.1	   3.9	   -­‐	   0.5	  
N.	  adapinus	   AMNH	  28740	   -­‐	   -­‐	   1.2	   3.5	   -­‐	   0.3	  
N.	  adapinus	   AMNH	  28821	   -­‐	   -­‐	   2.0	   5.0	   -­‐	   0.4	  
N.	  adapinus	   "191	  w.	  skeleton"	   1.5	   3.6	   1.7	   3.5	   0.4	   0.5	  
N.	  adapinus	   AMNH	  28894	   3.0	   3.6	   2.4	   4.1	   0.8	   0.6	  
N.	  adapinus	   AMNH	  28627	   3.0	   3.5	   -­‐	   -­‐	   0.9	   -­‐	  
N.	  adapinus	   AMNH	  15904	   -­‐	   -­‐	   2.5	   3.7	   -­‐	   0.7	  
Plagiarthrus	  clivus	   AMNH	  29606	   -­‐	   -­‐	   15.0	   6.1	   -­‐	   2.5	  
P.	  clivus	   AMNH	  109587	   9.0	   7.0	   -­‐	   -­‐	   1.3	   -­‐	  
Proargyrohyrax	  
curanderensis	   Reguero	  2003	   	   	   	   	   1.2	   	  
Progaleopithecus	  
tourneri	   AMNH	  29603	   15.0	   5.0	   13.0	   5.0	   3.0	   2.6	  
Protypotherium	  
australe	   AMNH	  9149	   20.0	   7.4	   16.0	   7.0	   2.7	   2.3	  
P.	  australe	   AMNH	  9286	   E	   7.0	   E	   7.2	   -­‐	   -­‐	  
P.	  australe	   AMNH	  9226	   21.0	   7.5	   -­‐	   -­‐	   2.8	   -­‐	  
P.	  australe	   AMNH	  9565	   16.0	   7.5	   18.0	   7.0	   2.1	   2.6	  
Punapithecus	  minor	  Hitz	  et	  al	  2006	   	   	   	   	   0.6	   	  Santiagorothia	  
chiliensis	   Reguero	  2003	   	   	   	   	   1.3	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Transpithecus	  
obentus	   AMNH	  28861	   -­‐	   -­‐	   2.2	   4.2	   -­‐	   0.5	  
*	  In	  some	  specimens,	  teeth	  preserved	  in	  occlusion	  or	  with	  enamel	  covered	  by	  bone	  (and	  in	  one	  case,	  by	  
plaster	  reconstructions)	  prevented	  accurate	  measurement,	  so	  they	  were	  coded	  qualitatively	  based	  on	  
visible	  morphology:	  E	  =	  hypselodont,	  H	  =	  hypsodont.	  HI	  =	  hypsodonty	  index:	  crown	  height	  divided	  by	  






DIVERSIFICATION TEST RESULTS 
Ancestral state reconstructions and origins of hypsodonty and Hypselodonty: The 
ancestral state reconstructions of the hypsodonty index (based on measurements of all 
OTUs mapped onto the 15 time-calibrated MPTs) are summarized in figure 3.8, and 
appendix 2. Previously, the earliest hypsodont interatheres were Eopachyrucos (avg. HI = 
1.9), Santiagorothia (avg. HI = 2.09), and Proargyrohyrax (avg. HI = 2), all first 
appearing in (and, in the case of the latter two, restricted to) the Tinguirirican SALMA, 
earliest Oligocene in age (~31-33 Ma). The Los Queñes Fauna interatheres have a lower 
average HI (SGOPV 5614: 1.9 and SGOPV 5675: 1.34) than those of the hypsodont 
Tinguirirican interatheres, except Johnbell, which is an earlier-diverging brachydont 
taxon persisting into the earliest Oligocene. The average reconstructed value of HI is 1.77 
for the ancestral node of Jackconrad carreterensis and all later-diverging interatheres, 
compared to 1.00 for the preceding node, thus the ancestral node from which all 
hypsodont interatheres are descended is minimally latest Eocene (likely Mustersan) (fig. 
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8, node D).  Based on the time-calibrated ancestral reconstructions the origin of 
hypsodonty may have occurred as early as the late Casamayoran SALMA (Barrancan 
‘subage’ late-middle to late Eocene; fig. 8) although none of the many known interathere 
taxa that originated in the Casamayoran or earlier are hypsodont.  The PIC analyses 
indicate a marked increase in HI, jumping from 1.01 to 1.77 between all Casamayoran 
taxa (all brachydont) and the late Eocene (Mustersan and younger) later-diverging 
interatheres, suggesting a single initial transformation (figs. 6 and 8, node D). PIC 
optimizations then indicate an increase in hypsodonty across the EOT, reaching an 
ancestral state reconstruction of HI = 2.63 for the last common ancestor of the Deseadan 
and younger hypselodont taxa (clade G in figs. 6 and 8), consistent with either a gradual 
increase or a “ratcheted” (sensu Kohn et al., 2015) set of small changes. However, it is 
critical to emphasize that nodal optimization methods generally tend to average or 
smooth differences among taxa uniformly across the series of nodes uniting them, 
making it difficult to distinguish between pulsed, “ratcheted”, or continuous processes. 
Alternative temporally-constrained analyses indicate the first appearance of hypsodonty 
just prior to the Eocene/Oligocene boundary (by 34.6 ± 0.8 Ma), and that there is a 
substantial increase in average hypsodonty in interatheres in faunas across the 
Eocene/Oligocene boundary potentially associated in time with climate-driven 
environmental shifts at that time (green box marked 1., in fig. 8) but independent of any 
increases in subduction rate as a proxy for increased volcanic ash flux, with another slight 
average HI increase continuing in the Deseadan (figs. 9 and 10).  While Santacrucian 
Cochilius and Santacrucian and later Interatherium have much higher HI than all other 
interatheres, the bulk of the Tinguirirican, Deseadan, and younger interatheres have HI 
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values just over 2.0, suggesting relative stability in hypsodonty indices after reaching that 
level in the earliest Oligocene. Notably, the appearance of hypsodonty and its increase (at 
whatever tempo) is not associated with any significant radiations as recovered by the tree 
balance tests (see below).  
The Deseadan origin of hypselodont taxa and slight increase in average HI values 
occurred during a period of continuing global cooling in the early Oligocene, which is 
also just after a minimum in convergence rates and inferred volcanic ash fluxes. As 
Cenozoic convergence rates (i.e., volcanism) began to increase and reached a maximum 
only well after the appearance of both hypsodonty and hypselodonty in interatheres, that 
lack of temporal correspondence casts doubt on the role of ash as the primary causal 
















Figure 3.8. Representative time-calibrated tree. SALMA timescale composited from Flynn 
et al. (2012) and Woodburne et al. (2014). One of the 15 MPTs is shown; the results in the 
text and summarized on this figure are based on analyses of all 15 MPTs; all nodes of 
interest were recovered unambiguously. Bars represent hypsodonty index for each 
terminal taxon; bars on nodes represent hypsodonty index estimated in ancestral states 
reconstruction (temporal position of nodes estimated using methods described in the 
text, with minor expansion for legibility). ∂18O record for the South Atlantic is from Cramer 
et al. (2009). PCM87 = plate-tectonic convergence rate between South American and 
Nazca plates as estimated by Pardo-Casas and Molnar (1987); S98 = plate-tectonic 
convergence rate as estimated by Somoza (1998). Stars indicate the statistically 
significant radiation of basal interatheriids and the statistically significant radiation 
occurring within Interatheriinae (Clade E of figure 3.6; a clade of hypselodont taxa). Green 
boxes: 1. cooling ahead of Eocene-Oligocene boundary; 2. decline and minimum 




Rate shift test results 
We ran replicates for the 22 nodes for each of our 15 MPTs, varying the value of 
lambda1/lambda2 by several orders of magnitude. The 1,650 tests against a null 
hypothesis of no rate shift, using values of lambda1/lambda2 from 0.01-100, produced no 
significant results. Because shift.test specifically tests for shifts of a certain magnitude, 
the ratio of diversification rates before and after a hypothesized shift (i.e., the order of 
magnitude of lambda1/lambda2) is best approximated fairly closely a priori. 
 
Relative cladogenesis test results 
Appendix 2 shows nodes that were found to be significantly more diverse than expected 
(p ≤ 0.05). Because clade diversity is determined by the number of terminal branches 
descended from a particular node, the most informative results are from the shallowest 
node of a set of nested “significantly diverse” nodes, since the latter would contain the 
diverse clade as well as its less diverse outgroups (Harmon et al., 2008). Significant 
radiations were identified at nodes A and G as indicated on fig. 8 and fig. 6, representing 
the most recent common ancestor of all interatheres, and the clade of hypselodont taxa, 
respectively.  
The former node (Interatheriidae) was characterized initially by brachydont basal 
forms that diversified in a warm, wet, and stable environment immediately after the early 
Eocene climatic optimum (EECO). This initial taxonomic radiation occurs in the 5-10 
million years following an early modest increase in tectonic convergence rate across the 
Andes (green box 2, fig. 8; arrow 2, fig. 10). This rough subsequence of diversification to 
tectonic activity in the early middle Eocene comes with the caveat that the ages of the 
 192 
root node and the initial diversification of basal interatheriids are not tightly constrained; 
furthermore the lag time of up to 10 million years is probably too great to infer an 
interaction. The second significant interathere radiation is a clade within Interatheriinae 
consisting of Deseadan and younger hypselodont forms (clade G in figs. 6 and 8). This 
radiation of hypselodont interatheriines occurs between the Tinguirirican and Deseadan, 
shortly postdating the Eocene/Oligocene boundary within the EOT, and its associated 
climatic changes, but predating the Oligo-Miocene spike in tectonic activity (green boxes 
1 and 3, fig. 8; arrows 1 and 3, fig 10). As noted above, the new Los Queñes late Eocene 
taxa occurring between these two radiations (the basal interatheriids and the hypselodont 
interatheriines) mark the earliest appearance of hypsodonty in interatheres. The origin of 
and increase in hypsodonty occurs over a relatively short interval of time, spanning the 
Mustersan and Tinguirirican SALMAs (late Eocene—early Oligocene), beginning before 
but encompassing the late Eocene climatic deterioration and Eocene/Oligocene boundary 
(green box 1, fig. 8; arrow 1, fig. 10). Episodes of increase in convergence rate predate 
and postdate the origin of and initial increases in hypsodonty in interatheres, indicating 
no temporal correspondence with this proxy for increased volcanism and volcanic ash 
flux. 
 	  
ALTERNATIVE TIME-CALIBRATED VISUALIZATIONS 
Alternative time-calibrated assessments of hypsodonty in interatheres were generated by 
plotting HI values for individual taxa binned by SALMA (Figures 3.9 and 3.10). Figure 
3.9 demonstrates that the low-crowned, small taxon Johnbell hatcheri is a holdover into 
the Tinguirirican of the low-crowned basal interatheres, and that the appearance of 
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hypselodonty is a Deseadan-aged phenomenon. In figure 3.10, these observations are 
compared with the climate and volcanism data; major excursions in both datasets 
postdate the first appearance of hypsodonty in the Interatheriidae, which is represented by 
the new taxa from Los Queñes. The grey box in figure 3.10 indicates the 40Ar/39Ar date 
we report here. 
 
Figure 3.9. Strict consensus cladogram. Bars proportional to hypsodonty index; bar fill 
indicates SALMA (or unit, in the case of Los Queñes) to which each taxon pertains.  
 
These results suggest that the origin of hypsodonty in interatheres during the late 
Eocene (when all older taxa [Casamayoran and earlier] were brachydont), and continuing 
increases of hypsodonty (higher HI) in the earliest Oligocene, are not correlated with a 
 194 
statistically significant increase in diversification. Furthermore, no temporal correlation 
was found between the environmental variables and reconstructed 
hypsodonty/hypselodonty appearances and increases. However, this may simply reflect 
small sample sizes across this time interval (and concomitant difficulties in overturning a 
null hypothesis of no substantial change).  
 
 
Figure 3.10. Comparison of ages of interatheres in this study to the climate and tectonic 
datasets. Grey box with horizontal line through the middle around the two Los Queñes 
taxa shows the analytical age reported here and its confidence interval (2 sigma). Circles 








Anabalcarcel ignimbritae and Jackconrad carreterensis are the first fossils described 
from the late Eocene Los Queñes Fauna from Chile.  Other new species almost certainly 
will come to light as additional specimens from the volcaniclastic strata at Los Queñes 
are prepared and studied. The two new interatheres described in this work constitute a 
significant addition to knowledge of late Eocene non-interatheriine interatheriids, the 
only other being Guilielmoscottia plicifera, which is a brachydont “notopithecine.” The 
new fossils and new geochronologic data presented here demonstrate that the Los Queñes 
Fauna is significant for temporally calibrating and improving understanding mid-
Cenozoic biotic change in southern South America. Preliminary high-precision 
geochronologic data bracket the stratigraphic interval yielding the new interathere taxa to 
~35 Ma. The Los Queñes Fauna is directly associated with a U-Pb date of 34.6 ± 0.8 Ma 
from a single coherent population of zircon ages. Additionally, it is bracketed by an 
overlying 40Ar/39Ar age of 32.5 ± 1.0 Ma and preliminary U-Pb zircon dates of 37.1-35.5 
Ma underlying the fauna, the latter range of dates spanning an interval entirely within the 
late Eocene Priabonian Age (37.8-33.9 Ma in the ICS International Chronostratigraphic 
Chart v2016/10, http://www.stratigraphy.org/ICSchart/ChronostratChart2016-10.pdf), to 
which the Mustersan SALMA may be correlated in time (Flynn & Swisher, 1995; Croft 
et al., 2008; Dunn et al., 2013; West and Flynn, 2015, in prep.). The radioisotopic dates 
directly associated with and bracketing the Los Queñes Fauna thus indicate a late Eocene 
age for this assemblage. The Mustersan SALMA age correlation for Los Queñes is 
consistent with the new geochronologic dates from Los Queñes and prior age estimates 
for the Casamayoran, Mustersan, and Tinguirirican SALMAs or their correlative faunas, 
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although the date directly associated with the Los Queñes interatheres is younger than 
those reported for other Mustersan faunas in Argentina (Ré et al., 2010; Dunn et al., 
2013). These new Los Queñes dates and continuing geochronologic analyses from this 
sequence (Gans et al., in prep.) should help further refine temporal calibrations of the 
Mustersan SALMA. 
Anabalcarcel ignimbritae and Jackconrad carreterensis together represent the 
earliest known instances of hypsodonty in the Interatheriidae, an abundant and diverse 
notoungulate group throughout much of the Cenozoic, indicating that this dental 
specialization appeared in this lineage only just prior to or almost synchronous with the 
E/O boundary (34.6 ± 0.8 Ma), reaching a standard HI of just over 2.0 in the 
Tinguirirican with only a couple of individual taxa (Cochilius, Interatherium) achieving 
higher HI values after the Tinguirirican, and with the first hypselodont taxa occurring in 
the Deseadan.  
 The results of the relative cladogenesis tree balance tests reveal two significant 
radiations during the course of interathere evolution. One occurred near the base of the 
interathere phylogeny and represents the initial diversification of basal interatheriids 
(“notopithecines” or non-interatheriine interatheriids). This early interatheriid radiation 
occurred during the EECO, which is in agreement with typical habitat associations of 
brachydonty (a dental morphology which all of these early interatheriids display). A 
second occurred at the beginning of the Deseadan SALMA, with the appearance of the 
earliest hypselodont interatheriines and temporally correlated with the latest part of the 
EOT, suggesting a potential link between climate deterioration after the 
Eocene/Oligocene boundary and the diversification of hypselodont interatheres. 
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Changes in tectonic convergence rates and interathere radiations (as identified by 
the relative cladogenesis test) are asynchronous. Either convergence rates, a proxy for 
influx of volcanic ash into herbivore diets, do not capture the relationship between 
volcanic abrasive flux and development of hypsodonty, or such a relationship does not 
exist. No significant taxonomic radiations were identified using the shift test tree balance 
test, a result we attribute to the statistical limitations of what is still a small phylogenetic 
dataset and broader taxonomic sampling including other clades that become hypsodont 
over the EOT will permit more powerful statistical tests for diversification and potential 
correlations with various putative environmental drivers (e.g., climate-driven habitat 
changes, volcanic ash flux increases, etc.). Nevertheless, the phylogenetic comparative 
approach itself clearly is a foundational component of modern macroevolutionary 
analyses, and continuing work on the evolution of South American ungulates should 
consider this approach as essential to rigorous hypothesis testing. 	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Character descriptions for phylogenetic analysis  
(premolar homologies follow O’Leary et al., 2013) 
1. I1 size: larger than other anterior teeth (0); greatly enlarged (1) 
2. I2-C shape: I2 laterally compressed, I3-C ovoid/conical (0); all laterally compressed 
(1) 
3. C size: large (0); reduced (1) 
4. I2 and I3 size: subequal (0); reduced, with I3 smaller than I2 (1) 
5. I2-C exterior face: convex or vague anterior swelling (0); distinct vertical 
anteroexternal ridge (1) 
6. P1 vertical anteroexternal ridge: present (0); absent (1) 
7. P2-5 parastyle/paracone inflection: shallow (0); deep (1) 
8. P4-5 fossettes and internal sulcus: anterior, posterior, and lingual fossette moderately 
to strongly persistent (0); lingual remains open as a sulcus, others disappear 
rapidly with wear (1) 
9. P2-5 metacone ectoloph: moderate to strong metacone ectoloph column (0); metacone 
ectoloph very low or almost flat (1) 
10. P4-5 dimensions: width greater than length, or with mild anteroexternal expansion 
(0); length greater than width, rectangular shape (1) 
11. P2-5 cingulum: anterior cingulum low on crown, posterior extends about midway up 
crown (0); anterior cingulum absent, posterior high on crown, merging with 
occlusal surface early in wear (1) 
12. M1-3 paracone/parastyle inflection: distinct but shallow (0); absent or reduced (1) 
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13. M1-2 lingual sulcus and fossettes: anteroexternal, posteroexternal and lingual 
fossettes persistent (0); moderately persistent lingual sulcus, other fossettes of 
varying longevity (1); completely persistent lingual sulcus (i.e., never forms 
fossette), fossettes absent or rapidly disappear with wear (2) 
14. M3 hypocone: absent or diminutive (0); well developed (1) 
15. M1-3 metacone ectoloph: distinct (0); very low or flat (1) 
16. M1-3 anterior cingulum: present and low on crown (0); absent (1) 
17. M1-3 dimensions: width greater than length, or about equidimensional (0); length 
greater than width, rectangular shape (1) 
18. Crown height in posterior Ps and Ms: brachydont (0); hypsodont (1); hypseledont (2) 
19. i3 size: i3 larger than i2 (0); reduced (1) 
20. i1-3 shape: two shallow lingual grooves (0); i1-2 bifid labial and lingually (1) 
21. c size: larger than i1-3 (0); subequal to i1-3 (1); smaller than i1-2 or absent (2) 
22. c-p1 diastema: absent (0); present (1) 
23. p2-5 talonid development and relative size: absent in p2, very small in p4, present but 
smaller than trigonid in p5 (0); distinct but small in p2 and p4, smaller than or 
subequal to trigonid in p5 (1); reduced in p2-5 (2); subequal to larger than trigonid 
in p2, larger than trigonid in p4-5 (3) 
24. p4-5 crown morphology: narrow labial sulcus, lingual sulcus positioned more 
posteriorly (0); two lobes, well defined labial and lingual sulci opposite one 
another (1) 
25. Relative size of m1-3 trigonid and talonid: m1 talonid subequal to or slightly smaller 
than trigonid, m2 talonid subequal to or slightly larger to trigonid, m3 talonid 
larger than trigonid (0); all talonids larger than trigonids (1) 
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26. m1-3 crown morphology: not bilobed, lingual sulcus broad and extending posteriorly 
(0); bilobed, persistent labial and lingual sulci directly opposite one another (1) 
27. p4-5 molarization: p5 approaching molariform, p4 considerably smaller than the 
molars (0); p5 molariform, p4 enlarged but smaller than molars (1) 
28. m1-3 trigonid shape: anterior margin broad (0); anterior margin short, producing a 
triangular lobe (1) 
29. m3 third lobe: small (0); large with distinct labial groove (1) 
30. Size and position of jugal: contributes to orbit (0); excluded from orbit by maxilla (1) 
31. Anteroposterior position of nasofrontal suture relative to anterior margin of orbit: 
equal or more posterior (0); well anterior (1) 
32. Nasofrontal suture shape: rounded anteriorly, nasal projecting into frontal (0); nearly 
straight transversely (1); nasal trends posteriorly from the median (2); nasal trends 
posteriorly from the median but is jagged with small posteriorly projecting 
processes (3) 
33. Descending process on zygoma: absent (0); small (1); large (2) 
34. Posterodorsal maxillary process: present and contributes to orbital rim (0); present but 
excluded from orbital rim by anteriorly projecting sliver of frontal (1) 
35. Rostrum length: short compared to anteroposterior length of skull, < 35% of total 
cranium length (0); modest, ≥ 35% of total cranium length (1) 
36. Angle of zygoma with face, at attachment site: low angle (less than 45 degrees) (0); 
steep angle (45-90 degrees) (1); perpendicular (2) 
37. Muzzle shape and dental arcade: broader ventrally than dorsally, posterior broader 
than anterior, dental arcade forms a “triangle” (0); muzzle is narrower (ventral 
portion not broader than dorsal) and cheektooth rows are convex labially (1) 
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38. Posterodorsal process on external premaxillary: present (0); absent (1) 
39. Anteriormost extent of palatine notch: midpoint of M3 or more anterior (0); posterior 
margin of M3 or posterior (1) 
40. Posterior bulla: adjacent to paraoccipital process (0); laps up onto paraoccipital 
process (1) 
41. Glenoid fossa: shallow, wide mediolaterally (0); deeply excavated and narrow 
mediolaterally (1) 
42. Postglenoid process and foramen: broad process with uncompressed foramen; glenoid 
fossa encroaches medioposteriorly on bulla/meatus (0); process is sharper and 
narrower and separates fossa from meatus (1); process and foramen severely 
compressed (2) 
43. Size, as estimated from molar dimensions: moderate to large (M1 AP and TR 
dimensions both greater than 4 mm) (0); very small (M1 AP and TR dimensions 
both less than 4 mm) (1) 	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Appendix Table 3.1: Phylogenetic Matrix 	   	  
	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   1	   1	   1	   1	   1	   1	   1	   1	   1	   1	   2	   2	   2	  
	  	   1	   2	   3	   4	   5	   6	   7	   8	   9	   0	   1	   2	   3	   4	   5	   6	   7	   8	   9	   0	   1	   2	  
Anabalcarcel	  ignimbritae	   0	   1	   0	   0	   0	   1	   1	   1	   1	   0	   1	   1	   1	   ?	   1	   1	   0	   1	   ?	   ?	   ?	   ?	  
Antepithecus	   0	   1	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   1	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
Antepithecus	  
brachystephanus	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   1	   ?	   0	   0	   0	   ?	   ?	   ?	   ?	   ?	  
Archaeophylus	  patrius	   ?	   ?	   ?	   ?	   ?	   ?	   1	   1	   1	   1	   1	   1	   2	   1	   1	   1	   1	   2	   ?	   ?	   ?	   ?	  
Brucemacfaddenia	  
boliviensis	   1	   1	   0	   0	   1	   1	   1	   1	   1	   1	   1	   1	   2	   1	   1	   1	   1	   2	   ?	   ?	   ?	   ?	  
Cochilius	  volvens	   1	   1	   1	   0	   0	   1	   1	   1	   1	   1	   1	   1	   2	   1	   1	   1	   1	   2	   0	   0	   1	   0	  
Colbertia	  magellanica	   0	   0	   0	   0	   0	   0	   0	   0	   ?	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
Eopachyrucos	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   1	   1	   ?	   1	   1	   1	   1	   ?	   ?	   ?	   0	  
Federicoanaya	  sallaensis	   0	   1	   0	   0	   1	   1	   1	   1	   1	   0	   1	   1	   2	   1	   1	   1	   1	   2	   0	   1	   0	   0	  
Guilielmoscottia	   ?	   ?	   ?	   ?	   ?	   1	   0	   0	   0	   0	   1	   0	   1	   0	   0	   1	   0	   0	   ?	   ?	   ?	   ?	  
Ignigena	  minisculus	   ?	   ?	   0	   ?	   0	   1	   0	   1	   1	   0	   1	   1	   1	   ?	   0	   1	   1	   0	   ?	   ?	   ?	   ?	  
Interatherium	   1	   1	   1	   1	   0	   1	   1	   1	   1	   1	   1	   1	   2	   1	   1	   1	   1	   2	   1	   0	   1	   1	  
Jackconrad	  carreterensis	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   1	   0	   0	   1	   0	  
Johnbell	  hatcheri	   ?	   1	   0	   ?	   0	   1	   0	   1	   1	   0	   1	   1	   1	   ?	   0	   1	   1	   0	   0	   0	   0	   0	  
Miocochilius	  
anamopodus	   1	   1	   0	   0	   0	   1	   1	   1	   1	   0	   1	   1	   2	   1	   1	   1	   1	   2	   0	   0	   0	   1	  
Notopithecus	  adapinus	   0	   1	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
Plagiarthrus	  clivus	   1	   1	   0	   0	   1	   1	   1	   1	   1	   1	   1	   1	   2	   1	   1	   1	   1	   2	   ?	   ?	   ?	   ?	  
Proargyrohyrax	  
curanderensis	   ?	   ?	   ?	   ?	   ?	   ?	   1	   0	   1	   1	   1	   1	   1	   1	   1	   1	   1	   1	   ?	   ?	   ?	   ?	  
Progaleopithecus	  
tourneri	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   1	   2	   1	   1	   1	   1	   2	   0	   1	   0	   0	  
Protypotherium	   1	   1	   0	   0	   1	   1	   1	   1	   1	   0	   1	   1	   2	   1	   1	   1	   1	   2	   0	   1	   0	   0	  
Punapithecus	  minor	   ?	   ?	   ?	   ?	   ?	   ?	   0	   0	   0	   0	   0	   0	   1	   1	   0	   0	   0	   0	   ?	   ?	   ?	   ?	  
Santiagorothia	  chiliensis	   ?	   1	   0	   0	   1	   1	   1	   0	   1	   0	   1	   1	   1	   1	   1	   1	   1	   1	   0	   0	   0	   0	  
Transpithecus	  obentus	   ?	   ?	   ?	   ?	   ?	   ?	   0	   0	   0	   0	   1	   0	   1	   1	   0	   1	   0	   0	   ?	   ?	   ?	   ?	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   2	   2	   2	   2	   2	   2	   2	   3	   3	   3	   3	   3	   3	   3	   3	   3	   3	   4	   4	   4	   4	   2	  
	  	   3	   4	   5	   6	   7	   8	   9	   0	   1	   2	   3	   4	   5	   6	   7	   8	   9	   0	   1	   2	   3	   3	  
Anabalcarcel	  ignimbritae	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   ?	   1	   1	   1	   ?	   ?	   ?	   ?	   ?	   0	   ?	  
Antepithecus	   0	   0	   0	   0	   0	   0	   0	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   0	  
Antepithecus	  
brachystephanus	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	  
Archaeophylus	  patrius	   1	   1	   0	   1	   1	   0	   0	   ?	   ?	   ?	   1	   ?	   ?	   2	   1	   ?	   ?	   ?	   ?	   ?	   0	   1	  
Brucemacfaddenia	  
boliviensis	   1	   1	   0	   1	   1	   0	   0	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   1	  
Cochilius	  volvens	   3	   1	   1	   1	   1	   0	   0	   1	   1	   2	   1	   1	   1	   2	   1	   1	   0	   1	   1	   2	   0	   3	  
Colbertia	  magellanica	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   ?	   0	   0	   0	   0	   0	   0	  
Eopachyrucos	   1	   0	   0	   1	   1	   0	   0	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   1	  
Federicoanaya	  sallaensis	   1	   ?	   0	   1	   1	   0	   0	   1	   1	   3	   1	   1	   1	   1	   1	   1	   ?	   ?	   1	   ?	   0	   1	  
Guilielmoscottia	   0	   0	   0	   0	   1	   0	   0	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   0	  
Ignigena	  minisculus	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   1	   ?	  
Interatherium	   3	   1	   1	   1	   1	   0	   0	   1	   1	   2	   2	   1	   0	   2	   1	   1	   0	   1	   1	   2	   0	   3	  
Jackconrad	  carreterensis	   1	   0	   0	   1	   1	   0	   0	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   1	   ?	   ?	   ?	   ?	   ?	   0	   1	  
Johnbell	  hatcheri	   1	   0	   0	   1	   0	   ?	   ?	   1	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   1	   1	  
Miocochilius	  
anamopodus	   2	   1	   0	   1	   1	   1	   1	   1	   1	   2	   1	   1	   1	   1	   1	   1	   1	   1	   1	   1	   0	   2	  
Notopithecus	  adapinus	   0	   0	   0	   0	   0	   0	   0	   1	   1	   1	   1	   0	   0	   1	   1	   1	   0	   0	   1	   1	   0	   0	  
Plagiarthrus	  clivus	   3	   1	   0	   1	   1	   0	   0	   1	   ?	   ?	   2	   1	   ?	   2	   1	   ?	   1	   1	   ?	   ?	   0	   3	  
Proargyrohyrax	  
curanderensis	   1	   1	   0	   1	   1	   0	   0	   ?	   ?	   ?	   1	   ?	   ?	   1	   ?	   ?	   ?	   ?	   ?	   ?	   0	   1	  
Progaleopithecus	  
tourneri	   1	   1	   0	   1	   1	   1	   1	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   1	  
Protypotherium	   2	   1	   1	   1	   1	   1	   1	   1	   1	   3	   1	   1	   1	   1	   1	   0	   0	   1	   1	   1	   0	   2	  
Punapithecus	  minor	   1	   0	   0	   0	   1	   0	   0	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   1	   1	  
Santiagorothia	  chiliensis	   1	   1	   0	   1	   1	   0	   0	   1	   1	   3	   1	   1	   1	   1	   ?	   0	   1	   1	   1	   1	   0	   1	  
Transpithecus	  obentus	   0	   0	   0	   0	   1	   0	   0	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   ?	   0	   0	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  Chapter 4: 
New 40 Ar/39Ar geochronologic data from the Río Cachapoal drainage of the central 
Chilean Andes reveal a complex thermal history of fossil-bearing ignimbrites and 
overlying units 
 
This chapter expands on one geochronologic method used in biochronology. Part is 
reproduced from a published abstract: A.R. West, R. Pian, R. Charrier, J.J. Flynn, S. 
Hemming, and A.R. Wyss, 2016. Journal of Vertebrate Paleontology, Annual Meeting 
Program and Abstracts, 2014, p.254  
 
Abstract 
The Abanico Formation yields fossil mammals in numerous areas in central Chile, 
including at several localities in the Río Las Leñas and Río Cachapoal drainages. 
Colhuehuapian-aged fossils from the Las Leñas Valley have been previously 40Ar/39Ar 
dated at 20.09 ± 0.27 Ma. In the Cachapoal Valley to the NW, steeply-dipping beds have 
yielded fossils of likely Tinguirirican age, notably a polydolopine marsupial and an 
interatheriid notoungulate. The fossils at Cachapoal are expected to be ~32-31 Ma in age, 
based on previous K-Ar and 40Ar/39Ar dates calibrating the Tinguirirican SALMA at 
Termas del Flaco in the Tinguiririca Valley to the south, which range from 31.65-31.3 
Ma in direct association with fossils. Here I present the first 40Ar/39Ar dates from the 
Cachapoal Valley, of 11.1 ± 1.8 Ma, from stratigraphically higher levels loosely 




The necessary components of a biochronologic scheme are fossils with known 
stratigraphic occurrence, recognizable (either a taxon or set of taxa) in more than one 
geographically disparate locality, and age data from rocks with known relation to the 
fossil-bearing levels, independently obtained through radioisotopic dates, 
magnetostratigraphic correlations or other chronologic systems. Henceforth, the term 
“age” is used to refer to biochronologic correlations, while “dates” are independently 
determined from radioisotopic analyses. The stratigraphy of much of this region is highly 
complex, with folding and intrusions associated with several phases of Andean orogeny 
(Charrier et al., 1996; 2002), so stratigraphic correlation between exposures of the 
Abanico Formation between adjacent drainages relies on biochronologic correlations. In 
terms of fossil mammals, the Cachapoal Valley has yielded the polydolopid marsupial 
Polydolops mckennai (Flynn and Wyss, 2004) and the interatheriid notoungulate Johnbell 
hatcheri, along with a wealth of as-yet undescribed notoungulate and marsupial 
specimens. Based on the occurrence of Johnbell hatcheri, which is also found at the 
nearby type Tinguirirican locality (Hitz et al., 2006), the fossiliferous levels from 
Cachapoal were estimated to be Tinguirirican aged. However, the stratigraphy and 
distribution of fossils remains unclear because many of these specimens were collected as 







The goal of this project was to use lithologic specimens from Cachapoal for 
40Ar/39Ar geochronology. The project began with analysis of a set of hand specimens of 
ignimbrite from the Cachapoal drainage that were collected about a decade ago by 
Reynaldo Charrier for geological context to the paleontological site. The exact 
provenance of these greenish and reddish ignimbrites were not available from Dr. 
Charrier by the time the samples made it from Chile to New York via California, 
although it is clear that they are from units to the east of, and thus stratigraphically higher 
than, or possibly cross-cutting, the intervals bearing the Cachapoal fossils. 
 
GEOLOGIC SETTING 
The Abanico Formation is a geographically widespread, volcaniclastic unit that was 
deposited starting in the latest Eocene through to the earliest Miocene in a forearc basin 
along the Cordillera Principal, Central Andes (Charrier et al., 1996; Charrier et al., 2002; 
Farias, 2005; Jordan et al., 2001). In Chile, between approximately 33 and 35° south 
latitude, there are five major river drainages (north to south: Río Maipo, Río Cachapoal, 
Río Las Leñas, Río Tinguiririca, Río Teno) along which exposures of the Abanico 
Formation are known to bear mammalian fossils (Wyss et al., 1994; Charrier et al. 1996; 
Flynn et al., 2002; 2003; 2012; Flynn and Wyss, 2004; Hitz et al., 2006). Of the fossil 
localities described to date, most represent the Tinguirirican SALMA. The Cachapoal 
collection consists of two previously described taxa: a polydolopid marsupial (Flynn and 
Wyss, 2004) and a non-interatheriine interatheriid notoungulate (Hitz et al., 2006). The 
interatheriid Johnbell hatcheri is also known from the Tinguiririca Fauna type locality 
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(Hitz et al., 2006), and although the polydolopid Polydolops mckennai is unique to 
Cachapoal, both of these fossils appear to represent the younger boundaries of the known 
age range of their respective lineages. Consequently, these levels have been 
biochronologically assigned as equivalent in age to the Tinguirirican SALMA or possibly 
older (Flynn and Wyss, 2004; Hitz et al., 2006).   
  The Abanico Formation is overlain in the Central Valley (west of the Cordillera 
Principal) by the Farellones Formation (figure 4.1). This mid-Miocene volcanic basin is 
less strongly deformed by tectonism than the Abanico. The relationship between the two 
formations varies along an east-west axis; to the west they are separated by an 
unconformity probably representing an erosional episode during earliest Miocene 
tectonic inversion as the Andean orogenic front progressed eastward (Jordan et al., 2001; 
Farias, 2005). To the east, the relationship between the Abanico and Farellones 
formations is less clear; it has been suggested that the transition is conformable or 
pseudoconformable and gradational in nature, or may be correlative to a regional inverted 
low-angle fault (Charrier et al., 2002). In any event, the eastern contact is much younger, 
with the oldest levels of the Farellones Formation K-Ar dated at 14.1 ± 0.6 Ma (Charrier 
et al., 2002; Charrier and Munizaga, 1979). By contrast, the Farellones Formation 
directly below the unconformity at its western extent is ~25 Ma (Charrier et al., 2002).   
 
Abbreviations 
AGES, Argon Geochronology for the Earth Sciences, LDEO; AMNH, American 
Museum of Natural History, New York; LDEO, Lamont-Doherty Earth Observatory, 
Columbia University, New York; SGOPV, Museo Nacional de Historia Natural, 
Santiago, Chile, paleovertebrate collections.  
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Figure 4.1. Geologic map of the study area, central Chilean Andes. Red oval = region 
around Cachapoal; blue oval = region around Tinguiririca. Note that the Cenozoic geology 
around Cachapoal is more complex, with contacts between the Abanico Formation (light 
grey), Farellones Formation (stippled), and Neogene intrusive bodies (dark grey); the 
Tinguiririca valley is dominated by Abanico Formation, with underlying Cretaceous marine 

















Feldspar and fine groundmass samples from three ignimbrites (V-235, V-237, and V238) 
were analyzed by 40Ar/39Ar incremental step-heating with a CO2 laser in the AGES lab at 
Lamont-Doherty Earth Observatory, using Fish Canyon sanidine (28.201 Ma, Kuiper et 
al., 2008) as a monitor standard. Small aliquots of each sample were run with three steps 
of 1, 4 and 8 Watts laser power. The feldspars were found to have very low 39Ar (K) and 
radiogenic argon yield, and did not produce reliable results. The groundmass samples 
were more promising, and the final run used only these. Although none of the first batch 
of three-step measurements produced a plateau (defined as greater than 50% of the 39Ar, 
on at least 3 steps, and in fact no two steps produced overlapping ages), all gave 
integrated age uncertainties of less than 4% with apparent ages of 9.3 to 15.5 Ma. A 
second groundmass aliquot of the sample with the oldest apparent age was incrementally 
heated with 1, 2, 3, 6, and 8 Watt steps. When combined, the eight steps from this sample 
gave an isochron age of 11.6 ± 1.7 (1s), with initial 40Ar/36Ar of 339+/-15, and m.s.w.d of 
0.88. Using this initial value, both aliquots yielded plateaus on all steps, and gave ages of 
11.7 ± 1.3 and 11.6 ± 0.5 Ma. 
 
RESULTS 
40Ar/39Ar dates calculated from V-235, V-237, and V-238 range from 8.99 to 11.7 Ma. Of 
those three samples, V-235 yielded the most reliable results, producing plateaus for the 
two aliquots and consistent ages of 11.6 ± 0.5 Ma and 11.7 ± 1.3 Ma. Despite the low 
error values (MSWD, see Table 1) calculated for samples V-237 and V-238, both 
samples failed to generate a plateau, even with the additional 5-step heating and they 
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displayed ascending steps often observed in disturbed samples as a result of argon loss by 
diffusion (figure 4.2). As a consequence, the dates derived from sample V-235 (figure 
4.3) are preferred.  An age of ~11.6 Ma places the age of sample in the Miocene, roughly 
correlative with the poorly constrained Mayoan SALMA. This is approximately 20 Ma 
younger than the hypothesized Tinguirirican age of the Cachapoal fossils, congruent with 
the estimation that the samples are from an overlying unit or an igneous unit that cross-
cuts the fossiliferous strata. 
 
Figure 4.2. Step-heating spectra for ignimbrites V-235, 237, and 238, with default 
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Table 4.1: Summary of ages obtained from all analyses on V-235, 237, and 238. All dates 
are Ma. Asterisk indicates dates calculated using isochron-derived initial argon values.  
 
1, 4, and 8 Watts 1, 2, 3, 6, and 8 Watts All 8 steps 
Sample Plateau age Integrated age Plateau age Integrated age Isochron age 
V-235 - 15.5 ± 0.6 18.8 ± 1.3 20.3 ± 1.6 - 
V-237 - 9.3 ± 0.3 - 8.99 ± 0.19 - 
V-238 - 10.55 ± 0.09 - 11.02 ± 0.18 - 
V-235* 11.6 ± 0.5 11.7 ± 0.6 11.7 ± 1.3 11.1 ± 1.8 11.6 ± 1.7 
       
 
DISCUSSION AND CONCLUSIONS 
 
Although this study has not tightly constrained the age of the Cachapoal fossils, it does 
present important additional insight into the geological setting by providing a 
radioisotopic date of ~11.6 Ma in strata overlying Tinguirirican fossils in this valley. The 
Abanico-Farellones Formation contact in this region is complex and likely transitional, so 
age data from horizons near (but not correlative with) the Cachapoal fossil localities is 
useful in constraining the chronologic and stratigraphic relationship between the two 
formations. Deposition of the Abanico Formation in an “active margin” basin (sensu 
Jordan et al. 2001) was terminated by early Miocene uplift associated with the main 
phase of mid-Cenozoic Andean orogeny. This phase may be represented by a hiatus at 
Cachapoal, as it is to the west in the Central Valley, or deposition may have been 
continuous, as it is inferred to be at the eastern margin of this forearc/interarc basin. The 
new data suggest Miocene syndeformational deposition in a forearc basin setting lasting 
some 15 million years, likely migrating eastward as uplift progressed.  Future 
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radioisotopic dating will be focused primarily on samples directly associated with 
Cachapoal fossils, to constrain the age of this fauna and improve the chronologic 
calibration of the Tinguirirican SALMA. There is also context for more 
thermochronologic work in the area (see Charrier et al. 2002), to better constrain the 
tectonic history of these basins and time-calibrate the cycles of deposition, deformation, 
and uplift that took place from the late Eocene through late Miocene. Additional 
complexity is introduced by the mid-Miocene intrusive volcanics that crop out in several 
of the central Andean drainages. The distal volcaniclastic lithologies preserving most of 
the fossils in these areas have been difficult to date using argon methods, with the 
exception of the Tinguiririca and Río Las Leñas sites. The results from Cachapoal 
indicate that the locality holds some promise for argon dating, and ongoing work targets 
samples directly associated with fossils. Samples have been analyzed from two fossil 
blocks containing ?Tinguirirican aged Cachapoal fossils: SGOPV 3492 (toothrow of 
medium to large body sized Notoungulata indet.) and SGOPV 3499 (a large, very 
hypsodont molar, cf. Trachytherus; a taxon best known from the Deseadan SALMA but 
also recognized at Tinguiririca; Croft et al., 2008; Shockey et al., 2016). The analytical 
results from these two blocks are as yet only preliminary and inconclusive, so are not 
reported formally here, and will be the subject of future study. 
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Chapter 5:  
Mitogenome of the extinct helmeted musk ox, Bootherium bombifrons 
 
Chapters five and six explore evolutionary processes through molecular paleontology. 
Part of chapter five is adapted from a short publication: A.R. West, 2016. Mitochondrial 
DNA Part B: Resources 1(1):862-863. DOI 10.1080/23802359.2016.1250136 
 
Abstract 
The complete mitochondrial genome of the extinct musk ox Bootherium bombifrons is 
presented for the first time. Phylogenetic analysis supports placement of Bootherium as 
sister to the living musk ox, Ovibos moschatus, in agreement with morphological 
taxonomy. SNPs identified in the COI-5p region provide a tool for the identification of 
Bootherium among material that is not morphologically diagnosable, for example 
postcrania, coprolites, and archaeological specimens, and/or lacks precise stratigraphic 
control, like many from glacial alluvium and in placer mines. 
 
MITOGENOME OF BOOTHERIUM BOMBIFRONS 
The extant musk ox, Ovibos moschatus, represents only a relict of the Pleistocene 
diversity of Ovibovini. The helmeted musk ox, Bootherium, was endemic to North 
America and widespread through Canada and the continental US from mid-Pleistocene 
until ~10ka, and by extension is inferred to have occupied a more varied habitat than 
Ovibos which is now restricted to the high Nearctic.  
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Ancient DNA provides a wealth of data to test systematic and spatiotemporal 
hypotheses. In the case of Ovibos, ancient and modern DNA have been used to 
reconstruct historical phylogeography and genetic diversity across their Holarctic range 
(MacPhee and Greenwood 2007; MacPhee et al. 2005; Campos et al. 2010a, 2010b). 
Outcomes of this work indicate that Ovibos were once much more populous (indeed, the 
fossil record spreads around the entire Arctic) but also that a bottleneck around the time 
musk oxen became restricted to their current range (~20ka) has left their extant 
population genetically depauperate.  
Bootherium specimens AMNH-FM 142459, 145489, and 14590 were collected in 
the mid 20th century from placer mines near Fairbanks, Alaska (N 65.5˚, W 148.5˚). 
Target enrichment and IonTorrent sequencing (MYcroarray®, Ann Arbor, MI) with baits 
from an Ovibos moschatus sequence (Hassanin et al. 2009) were conducted on DNA 
extracted from these three specimens. After assembly in Mira 4.0 (Chevreux et al. 1999) 
and CAP3 (Huang and Madan 1999), BLAST+ searches followed methods in 
Kolokotronis et al. (2016). Final assembly used Geneious 8.1.8 (Kearse et al. 2012). A 
complete mitogenome, 16,496 bp long, comprising 13 protein coding genes, two rRNA 
and 22 tRNA, and control region, was assembled from AMNH-FM 145490 and is on 
GenBank under accession number KX982584. 
Protein-coding and tRNA genes for the three specimens were aligned against 
published mitogenomes from 13 caprines and two outgroups, and phylogenetic analyses 
conducted on the concatenated dataset (see figure 5.1). Missing data in the other two 
Bootherium specimens is in the control region, cytochrome B, and COI. Control region 
reads were aligned separately from the rest of the genes. The Bootherium mitogenome 
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shows no major rearrangements (figure 5.2). One SNP was identified as diagnosing 
Bootherium in the barcoding region COI-5p, by comparison to the rest of Caprini, as well 
as to other bovids including the American bison, with which Bootherium shared much of 
its range. The divergence time between Bootherium and Ovibos was estimated at ~250 
kyr BP, based on lognormal relaxed molecular clocks, and calibrations from Hassanin et 
al. (2012). Fossil ovibovine taxonomy centers on a long-established paradigm (Guthrie 
1992, and references therein) of horn core morphology. Campos et al. (2010b) obtained 
the first sequences from three extinct musk ox taxa; fragments of two genes from 
Bootherium supported the morphological taxonomy, placing it as a sister genus to 
Ovibos. However, population dynamics studies on the scale of the Ovibos work are not 
possible with such limited data. The Bootherium mitogenome will contribute 
significantly to the available extinct ovibovid molecular information, and in future 





Figure 5.1. Maximum posterior probability tree of Caprini, built from complete 
mitogenomes excluding the control region. Multiple sequence alignment was carried out 
using Mauve (Darling et al., 2004) and ClustalW (Larkin et al., 2007). Trees were built in 
BEAST (Drummond et al., 2012) and PAUP (Swofford, 1991). Model partitions follow the 



























































































































































































































































































































































Figure 5.2: Schematic of the annotated mitogenome assembled from AMNH:FM 145490.  	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Chapter 6: 
New radiocarbon dates for Bootherium specimens from Fairbanks region, Alaska, 
and a comment on single-locus phylogenomics 
 
Abstract 
In this chapter I report new mitochondrial sequence data from seven individuals referred 
to Bootherium bombifrons, the endemic North American helmeted musk ox that went 
extinct, along with most of its megafaunal colleagues, at the end of the Pleistocene. 
Additionally, I obtained new radiocarbon dates from these same specimens, of 38580 ± 
720, 30240 ± 260, 44570 ± 190, 41040 ± 910, 44240 ± 1500, 39080 ± 770, 28370 ± 210, 
and 47190 ± 2100 calibrated 14C years BP. The hypotheses tested here center on a deep, 
rather than broad, investigation of the impact that locus choice has on divergence date 
estimates using tip calibrations in this taxon. Estimates of the root age of three different 
gene trees for Bootherium specimens ranged from 19 kyr, for cytochrome B, to over 50 
kyr for the mitochondrial control region.  
 
INTRODUCTION 
It has become almost routine to use ancient DNA sequence data to infer population 
dynamic histories, generally using a Bayesian coalescent modeling approach and 
generally implemented in BEAST, resulting in a skyline or skyride plot that summarizes 
inferred population size through time. This is a useful lens to study the structure of 
ancient populations, and allows researchers to make connections between modern 
populations, climate changes, and historical and ancient phenomena including migrations, 
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extinctions, extirpations, bottlenecks, and range expansions or contractions. However, 
many such studies on ancient populations (unlike those on modern ones) use only one 
locus to make all these inferences. There are two likely reasons for this minimal 
approach: first, to have any power, these analytical methods require a hundred or more 
individuals, and obtaining sequence data on that scale from ancient material is 
challenging. This is also why any such studies have only thus far been carried out on 
abundant megafauna (bison, musk ox, reindeer) or on small geographic scales (eg. Brown 
and Blois, 2016). Second, the application of coalescent methods to ancient systems 
remains the purvey of evolutionary biologists, remarkably isolated from the fields of 
molecular ecology, human genealogy, and human disease, in which multi-locus 
approaches are the norm.  
Hypotheses that can be tested for ancient populations using coalescent based 
models are generally fairly straightforward and address either population size or 
population structure. The former is addressed with nucleotide diversity, for instance as 
implemented in BEAST using skyline or skyride models, as well as some fairly critical 
filters for postmortem damage (Barnes et al., 2002; Campos et al., 2010b; Rambaut et al., 
2009; Shapiro et al., 2004). Along with a time-calibrated tree, these models can predict 
population size at a given time in the history of the lineage, and this tool is now widely, 
almost routinely, in use (de Bruyn et al., 2011, and references therein). Whether it should 
be or not is a different question: fundamentally, coalescent phylogenetic methods were 
developed alongside the recognition that different loci in the same individual (/species) 
may tell varying stories about its genealogy (/phylogeny). The power of this approach for 
population ecology is in its ability to compare and synthesize multiple gene trees and 
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infer past demographic events from these comparisons. Introgression, isolation, and 
migration as well as the population size changes associated with biogeographic events, 
can all be recognized in this way.  
Population structure is investigated by identifying haplotypes, a challenging 
problem in ancient DNA given the abundance of damage and the short read length 
usually obtained. Nevertheless, a number of studies have been based on either binning 
haplotypes into groups or building distance networks, and inferring geographic structure 
based on whether haploytpe groups or clusters occur in biogeographic areas separated by 
hypothetical barriers or whether local populations are heterogeneous (Barnett et al., 2009; 
Campos et al., 2010a; Campos et al., 2010b; Ho et al., 2008; MacPhee et al., 2005; 
MacPhee et al., 2002; Shapiro et al., 2004).  
 The case of Bootherium bombifrons is interesting for a number of reasons, 
taxonomic and ecological. It shared much of its range with other ovibovines; it has been 
suggested that niche partitioning may have allowed their coexistence, and that 
Bootherium was in its ecology more elk- or moose-like, with a rangier build and a more 
diverse diet (Guthrie, 1992). In this study I have looked at two main questions: first, 
when did Bootherium and its extant sister taxon, Ovibos, diverge, and what were the 
environmental circumstances at the time? And second, what is the impact of locus choice 
on divergence estimates? The number of Bootherium individuals I was able to sample is 
too small to attack any larger phylogenomic question, but I present initial results 
suggesting that single-locus population dynamic inferences should be considered only a 
fragment of the actual history of a population, and conclusions based on them are at best 
tenuous. 
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MATERIALS AND METHODS 
 
Specimens examined 
I picked twenty specimens referred to Bootherium bombifrons, Symbos giganteus, 
Bootherium sp., or Symbos sp., from the Frick Collections at the American Museum of 
Natural History. Specimens were chosen for the presence of solid cortical bone, space to 
sample without damage to morphology (i.e. central shaft of a metapodial or tibia), and 
relative lack of varnish or other obvious conservation-induced taphonomy. Destructive 
sampling was carried out on all twenty, of which twelve yielded enough organics to 
analyze (Table 1).  
 
Radiocarbon dating 
Collagen extraction and AMS dating was carried out at the Center for Accelerator Mass 
Spectrometry, Lawrence Livermore National Laboratory. Each sample was ~70 mg 
cortical bone, and an interlaboratory standard of 12,000 year old whale bone and a 
background control of radiocarbon-dead bison bone were included. After an initial one 
week demineralization step in 0.5 N hydrochloric acid followed by one hour in 0.2 N 
sodium hydroxide, collagen extraction and ultrafiltration were carried out following the 
protocol developed by Brown et al. (1988, steps 2 and 3).  
 
Sequencing 
The surface of the bone was cleaned with 50% bleach and a section of bone measuring 1 
cm2 was removed using a new rotary cutting wheel for each specimen. Extractions were 
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performed in the AMNH dedicated ancient DNA lab, following standard 
decontamination protocols. Samples were decalcified in 0.5M EDTA (pH 8.5) at 37 ˚C 
until visibly gelatinous, for up to 48 hours, followed by three rinses in ddH2O to remove 
residual EDTA. After proteinase K digestion for 24 hours, the samples were centrifuged 
to pellet the remaining undigested material, and extraction carried out on the supernatant 
following the Qiagen DNeasy kit protocol. The extractions were quantified using Qbit 
High-Sensitivity DNA protocol and Agilent Bioanalyzer High-Sensitivity DNA chip.  
Samples were sent to MYcroarray (Ann Arbor, MI) for target enrichment and 
IonTorrent sequencing. Baits were synthesized from Ovibos moschatus mitochondrial 




IonTorrent reads were assembled into contigs using Mira 4.0 (Chevreux et al., 1999) and 
CAP3 (Huang and Madan, 1999). Reads from specimens with very high (>80x) coverage 
were reduced using the lossless digital normalization algorithm as implemented by Mira. 
Nucleotide open reading frames as well as their translations were used to build BLAST+ 
databases and the published versions of genes of interest were used as a query against 
each specimen’s database. Matching contigs were blasted against the NCBI database 
filtered on taxonomy, for verification, and then mapped and annotated, with reference to 





I built gene trees from the three best represented loci among the resulting sequences and 
calibrated them using tip-dating with the 14C dates. This was implemented in BEAST (for 
xml file and priors, see appendix). To account for lack of age data on some of the newly-
sequenced specimens, I ran a series of simulations to predict their ages from substitution 
rates inferred over the time-calibrated tree and test the effect of these predicted ages on 
topology, coalescent results, and rates of molecular evolution. The initial assumption for 
the Alaskan specimens introduced in this study was that they are all close in age, which is 
based on the fact that they all originate from a handful of goldmines near Fairbanks, 
Alaska, but not particularly certain as these sites lack stratigraphic control.  
Assembled control regions and cytochrome B gene from the Bootherium 
specimens were each aligned and the packages haplotype and pegas (Aktas, 2015; 
Paradis, 2010) in R were used to identify clusters of different haplotypes and build 




RADIOCARBON AGES AND DNA YIELD 
The dates yielded by AMS radiocarbon dating are shown in Table 1. They cluster fairly 
closely around 35-45 thousand years BP (calibrated to intcal13, Reimer et al., 2013). 
There was no apparent correlation between age and quantity or quality of DNA yielded 
by the specimens from this collection (figure 6.1). Figure 6.2 shows the age distribution 
of Bootherium from this study compared to the extinct and historical Ovibos studied by 
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Campos et al. (2010a; 2010b). Comparisons to other data from Alaska and the Arctic, it 
appears that the “fauna” (sensu lato, given the lack of stratigraphy) of the Fairbanks 
region is well-sampled by the Bootherium specimens in this study (figure 6.3). 
 
 
Figure 6.1. Plot of DNA yield, in nanograms per microliter, against 14C age. The column on 
the right is specimens for which the calibrated date was greater than 50 kyr BP. Error bars 






























Table 6.1. Specimens in this study. Grey-shaded cells indicate no data were obtained from 





ng/ul	   calibrated	  age	   error	  
max	  coverage	  on	  
assembled	  CR	  
Bootherium	  sp.	   142457	   0.182	   >50000	   2900	   12	  
Bootherium	  sp.	   142458	   0.159	   38580	   720	   131	  
?Bootherium	   145486	   0.3175	   30240	   260	   2	  
?Bootherium	   145487	   0.0945	   >50000	   	   18	  Bootherium	  sp.	   142453	   0.0695	   >50000	   	   74	  Symbos	   145488	   0	   44570	   190	   	  Bootherium	  sp.	   142452	   0.111	   >50000	   	   	  Bootherium	  sp.	   142454	   0.212	   41040	   910	   54	  
Bootherium	  sp.	   142459	   0.264	   44240	   1500	   4	  
?Bootherium	   145489	   0.101	   39080	   770	   79	  
?Bootherium	   145490	   0.123	   28370	   210	   98	  









Figure 6.2. Comparison of the 
age of the Fairbanks 
Bootherium specimens to the 
other ancient DNA included in 
this study: Ovibos material 
from Campos et al. (2010a; b) 
and MacPhee et al. (2005). 





















Figure 6.3. Distribution of 14C dates 
from Alaskan megafauna. Modified 
from West (2015). Horizontal axis 













CONSTRAINING DIVERGENCE TIME OF OVIBOS AND BOOTHERIUM 
The divergence date between Bootherium and Ovibos was constrained by Bayesian 
analysis of a concatenated matrix the modern and ancient Ovibos control region and 
cytochrome B sequences published by Campos et al. (2010) and MacPhee and 
Greenwood (2005), and those same genes from the Bootherium specimens obtained in 
this study. The resulting tree supports a divergence between these two genera between 




Figure 6.4: Phylogeny of Ovibos and Bootherium based on mitochondrial control region 
and cytochrome B sequences. Colors correspond to geographic localities: blue, Taimyr 
peninsula; brown, Greenland; purple, Canadian Arctic; orange, eastern Siberia; green, 
Balkans; red, Alaska. Bars are 95% posterior probability node ages.   
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HAPLOTYPE MAPPING 
In agreement with previous observations, the cytB gene of Ovibos specimens showed 
remarkably little variability. When Ovibos data were included in the cytochrome B 
network (a combination of genera justified by the low levels of intrageneric nucleotide 
diversity in both), Bootherium consistently fell out as a separate grouping to all of 
Ovibos. As shown in figure 6.5, haplotype was shared with some of the eastern Siberian 
Ovibos, corroborating the phylogenetic result placing the divergence between Ovibos and 
Bootherium as a Eurasian event. The control region was more variable, and did not 
recover the same clustering as was predicted through visual inspection by Macphee et al. 
(2005), with no definite segregation along the dimension of age. However, the 
Bootherium specimens did cluster independently from the Ovibos specimens, and were 
most similar to those from eastern Siberia.  
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Figure 6.5. Cytochrome B network of Bootherium and Ovibos. The only Bootherium 
specimens are those from this study; they are also the only sequenced individuals of 
either genus from the Fairbanks, Alaska region.  	  	  
LOCUS-DEPENDENCY OF COALESCENT DATING 
The the previous section was based on a concatenated analysis of two loci, CR and cytB, 
although most of the Ovibos specimens were missing cytB. In this section, I asked what 
impact locus choice has on divergence date estimates in ancient systems, and by 
extension, on coalescent-based population dynamics inferences. Figure 6.5 shows tip-
calibrated gene trees for three loci: cytochrome C oxidase subunit I, cytochrome B, and 
the mitochondrial control region. An Ovibos outgroup was included in the analysis but is 
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omitted from the figure for clarity. The oldest divergence within Bootherium estimated 
most conserved locus of the three, cytB, is between 70 and 50 kyr BP. The oldest 
divergence estimate from COI is between 110 and 51 kyr BP, and from the control region 
it is between 120 and 65 kyr BP.  
 
 
Figure 6.6. Gene trees from the Bootherium specimens sequenced and dated in this 
study, as well as one specimen from which Campos et al. (2010b) published 
approximately 50 bp of cytochrome B, indicated by an asterisk. Specimens with no 
associated date were modeled across a range of ages  (lognormal distribution with a 






The sequencing of Bootherium mitochondrial DNA yielded a remarkable amount of data, 
enabling the reconstruction of one complete and three nearly complete mitogenomes 
(West, 2016) with the same expenditure of effort and time as multiplexed sequencing of 
just one gene. There is no methodological reason that work going forward from this point 
that ancient DNA phylogeograpy should rely on a single locus, and with improved 
methods like target capture, nuclear loci should also be targeted. This conclusion is 
emphasized by the results of the coalescent gene trees presented here, each of which 
results in quite different nodal age determinations despite being from the same set, or a 
subset of the same set, of individuals. Future work on this dataset will have two foci: 
first, to complete assembly of all genes from the current sample. Second, to expand 
sampling to more individuals referable Bootherium and Symbos, to enable the application 
of phylogeographic methods such as Bayesian skyline and demographic history models 
to a multi-locus dataset from an entirely extinct population.  
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Chapter 7 
Resolving the affinities of Notoungulata: Character selection, taxon sampling, and 
the influence of ancient molecular data 
 
“The considerable resemblance between the dentition of Toxodon and Hyrax must not be 
overlooked.” –Edward Drinker Cope. The Classification of the Ungulate Mammalia. 
Read before the American Philosophical Society, May 19, 1882.  
 
Abstract 
While there are significant controversies about intraordinal relationships among families 
of notoungulates, the roots of the order Notoungulata within the rest of Placentalia are 
even more enigmatic. A critical challenge is presented by the interpretation of 
morphological homology across superorders, particularly for herbivorous ungulate 
placentals, because of the potential issue of convergence on unguligrade, cursorial limb 
adaptations and hypsodont teeth. In this study, I approach the “notoungulate problem” 
from two angles: the first, a synthesis and expansion of existing total-evidence matrices 
with special focus on filling in sampling gaps where they occur, and the second, a fine-
scale osteological study of synapomorphies shared by notoungulates with other 
placentals. 
The first set of results, presented here, corroborate previous findings that 
notoungulates are most closely related to, and indeed, probably nest within, Afrotheria. 
This grouping is supported by some dental and postcranial character states, not isolated to 
the afrothere-notoungulate clade but which occur outside of that clade only as rare 
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autapomorphies in individual taxa (relative to the current taxon sampling). To conclude 
this chapter, I discuss the potential other lines of evidence supporting a notoungulate-




This chapter addresses a longstanding and historically challenging evolutionary question: 
how are the Notoungulata, an extraordinarily diverse and disparate extinct order of 
herbivorous placental mammals that are largely exclusively endemic to South America 
(up until the Pleistocene, when a few ranged northwards) related to the rest of crown 
Placentalia? Two hypotheses are currently supported: first, notoungulates are most 
closely related to Afrotheria (a clade including elephants, hyraxes, and manatees as well 
as some insectivores; notoungulate link: O’Leary et al., 2013), thus descending from a 
Gondwanan placental lineage; second, notoungulates and litopterns (another extinct, 
endemic South American order) are stem perissodactyls (Welker et al., 2015). 
Morphological data consistently recover Litopterna within a radiation of Laurasian 
condylarths, and Notoungulata within the superorder Afrotheria, a clade recognized 
primarily on the basis of molecular data and persistently lacking strong morphological 
support (Springer et al., 2004; Murphy et al., 2007; Asher et al., 2009). Some biotic 
connectivity is likely to have existed across southern Gondwana during the time that 
Afrotheria likely originated (based on molecular clocks, as early as early-mid Cretaceous; 
Meredith et al., 2011; Phillips, 2015; Puttick et al., 2015). However, molecular and 
morphological results disagree on this divergence age, and the analytical and 
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philosophical bases for these results are contentious (O’Leary et al., 2013; Beck et al., 
2014, Phillips 2015).  
Ecomorphological homoplasy is a major concern in morphological matrices that 
sample a broad taxonomic range. Osteological characters relating to the bones of the 
basicranium and middle ear are often used in mammalian morphological matrices 
because they may be (hypothetically, though this is demonstrably untrue in some cases, 
see Wesley-Hunt and Flynn, 2005) less influenced by ecological pressures than dental 
and appendicular skeletal characters. Basicranial and auditory region characters have 
already been shown to be potentially phylogenetically informative in notoungulates (see, 
for instance, Macrini et al., 2010; MacPhee, 2014), and there is no logical basis for 
excluding entire categories of characters a priori based on “potential homoplasy”. 
Ontogeny can have a critical influence on morphological character definition and 
ontology, yet developmental data are often omitted from large morphological 
phylogenetic matrices, perhaps with the idea that the major utility of developmental 
information is for deciphering homology only (a misconception, see MacPhee, 1981, for 
example). A fundamental tenet of phylogenetic analysis under parsimony and model-
based approaches is that homology need not be assessed a priori, so ontogenetic studies 
have largely been omitted in mammalian systematics (Nixon and Carpenter, 2012; 
O’Meara and Thompson, 2014). Ontogenetic variation has been more widely drawn upon 
for phylogenetics of other vertebrate taxa, for example, non-avian dinosaurs (Longrich 
and Field, 2012) and lepospondylan tetrapods (Fröbish et al., 2012; Olori, 2013).  
As for morphology that links notoungulates with afrotheres, this too has been 
contentious and even widely dismissed. The first inklings of a relationship based on 
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dental morphology came over a hundred years ago with comparisons of notoungulates to 
hyraxes; it must be remembered that the hyrax was, at that point, considered a 
perissodactyl relative. This potential connection was not revisited until 2011, after 
Afrotheria had been recognized and formally proposed as a clade (Stanhope et al., 1998; 
Seiffert, 2007), when it was suggested that a morphological synapomorphy of Afrotheria, 
delayed dental eruption, may also pertain to some notoungulates (Agnolin and Chimento, 
2011). On more careful investigation, however, that particular shared derived character 
state was found to be absent in notoungulates and thus incorrectly interpreted by Agnolin 
and Chimento (Kramarz and Bond, 2014). On the other hand, the fossil record of 
deciduous teeth is incomplete; even in notoungulate groups where deciduous specimens 
are abundant enough to infer replacement patterns (see, for instance, Vera and Cerdeño, 
2014), the identification of something as subtle as delayed eruption of the permanent 
cheek teeth should be expected to be challenging. One goal in this paper, therefore, was 
to suggest other characters that might unite Notoungulata and determine to whichever 
other placental group it might belong.  
 
Abbreviations 
I: incisor, C: canine, P: premolar, M: molar. Upper dentition: I1, I2, I3, C, P1, P2, P4, P5, 
M1, M2, M3. Lower dentition: i1, i2, i3, c, p1, p2, p4, p5, m1, m2, m3. AToL: 
Assembling the Tree of Life project, placental mammal matrix. Specifically, as published 
by O’Leary et al., 2013. AMNH: American Museum of Natural History 




I identified notoungulate species in the AMNH:FM collections with relatively complete 
cranial, dental, and postcranial material, and found seven species to be suitable for the 
comprehensive analysis within the AToL character matrix used in this analysis (Table 1). 
I included Toxodon platensis and Macrauchenia patachonica so that the collagen 
sequence data recently obtained from those taxa also could be incorporated (Welker et al. 
2015). Then I reviewed the existing AToL matrix, and other morphological matrices 
focusing on Notoungulata (Macrini et al., 2010; Billet 2011), and identified a small 
number of additional characters which might be phylogenetically informative for 
resolving inter- and intraordinal questions (Table 2).  
 
Table 7.1: Notoungulate and litoptern taxa and specimens studied in the phylogenetic 
analysis. 	  
Species AMNH:FM catalogue numbers 
Hegetotherium mirabile 9159, 9515, 15542, 9223 
Macrauchenia patachonica 11166, 14947, 11160 
Notopithecus adapinus 28672, 15901, 191, 28669, 28950, 15904, 28742 
Protypotherium attenuatum 9246, 9187, 9566 
Protypotherium australe 9534, 9149, 9496, 9221 
Rhynchippus pumilus 29579, 14153 
Scarrittia canquelensis 29629, 29584, 29626, 29585, 29583, 29595, 29581, 2961 




Table 7.2. Characters added in this study (after Billet et al. 2009, 2011). Characters were 
added into the section of the matrix that corresponds to the morphological subdivisions 





(as in O13) 
Character description 
736 MEB Crista meatus: 0: absent, 1: present.  
The crista meatus is a crest that runs from the external 
acoustic meatus mesioventrally towards the bulla, confined 
anterior to the mastoid crest which is entirely squamosal. It is 
associated with the positioning of the EAM at the posterolateral 
corner of the skull, completely posterior to the auditory bulla 
and the paroccipital process.  
764 MEB Tympanohyal recess: 0: absent, 1: present.  
The tympanohyal recess is a fossa just posterolateral to 
the bulla, bordered anteriorly and laterally by the crista meatus 
and posteriorly by the mastoid crest. 
765 BRC Petrosal, pars mastoidea, extent on mastoid region: 0: broad 
extent on mastoid region, 1: reduced to a thin sliver between 
squamosal and occipital, 2: absent.  
The pars mastoidea is an extension of the petrosal 
between the squamosal and the exoccipital, exposed on the 
occipital surface of the skull and directly ventral to the mastoid 
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foramen. Reduction of this process is a putative notoungulate 
synapomorphy (Billet, 2011). 
1292 i1 Size of i1 relative to i2: 0: i1 same size or larger than i2, 1: i1 
smaller than i2.  
Reduction in size of i1 relative to i2 (and i3, see below) 
is a putative notoungulate synapomorphy (Billet, 2011). 
1293 i1 Size of i1 relative to i3: 0: i1 same size or larger than i3, 1: i1 
smaller than i3. 
 
 
 The phenomic dataset of O’Leary et al. (2013) does not include characters 
specifically aimed at determining notoungulate monophyly or relationships within 
Notoungulata. To address these questions, in addition to the relationship of Notoungulata 
(if monophyletic, or its component clades, if non-monophyletic) to the rest of Mammalia, 
I added five morphological characters to the matrix of O’Leary et al. (2013) that are 
relevant to resolving relationships among Notoungulata (Billet et al. 2009, 2011). These 
capture details of otic and mastoid region morphology, and states of these characters are 
putative synapomorphies of Notoungulata, according to Billet et al. The AToL matrix 
contains a large proportion of basicranial and otic region characters, often considered to 
be phylogenetically informative and less biased by ecomorphology, but are generally not 
so well preserved in the fossil record as teeth, and thus can be more challenging to 
observe and code, so are frequently ignored in smaller scale phylogenies (see: Macrini et 
al. 2013).  
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 I also included in the final analyses the collagen sequence data that Welker et al. 
(2015) obtained from Toxodon and Macrauchenia, which is the equivalent of adding two 
genes to the molecular matrix (matrix is modified from O’Leary et al., 2013; see figure 
7.6 and Appendix Table 1). Table 3 shows the extent of the additional morphological 
characters, taxa, and codings, as well as the photos and annotated diagrams of 
representative material that were added to the AToL project database on Morphobank. 
 
Table 7.3. Expansion of morphological matrix: 
 Taxa Characters Total scored cells Total media  
O’Leary et al., 
2013 
86 4541 391,371 197,281 















































































































Figure 7.1. Total character sampling. From left, 28 nuclear genes, two collagen protein 
sequences, and four partitions of morphological characters, relative to taxa analysed in 
this study. More complete (including gaps) relative to each gene’s total alignment length 
indicated by darker color (blue = nucleotide, green = amino acid). Black boxes are the four 
sub-partitions of morphology: cranial, dental, postcranial, and soft issue/behaviour, size 





I analyzed seven datasets, made of combinations of the three partitions of the total 
dataset: DNA alone, collagen amino acid sequences alone, morphology alone, DNA and 
collagen, DNA and morphology, collagen and morphology, and total evidence (DNA, 
collagen, and morphology). In the molecular-only datasets (DNA alone, collagen alone, 
and DNA plus collagen) taxa with no data were dropped. This reduced the sampling to 
extant taxa plus Toxodon and Macrauchenia patachonica for the collagen alone and 
DNA plus collagen analyses, and only extant taxa in the DNA alone analysis.  
Maximum parsimony calculations were carried out in TNT (Goloboff, 2008) 
using tree-bisection-and-reconnection and tree-drifting searches, and unweighted, 
unordered characters. Branch supports are absolute Bremer and bootstrap values, tree 
supports are consistency and retention indices (CI and RI). 
Maximum likelihood calculations were carried out in RaxML (Stamatakis, 2014) 
using a GTR+GAMMA model for DNA, a MTMAM model for amino acids, both as 
indicated by jModeltest (Posada, 2008). The MTMAM model of amino acid substitution 
was developed to minimize parametrization in analyses of mammalian mitochondrial 
genes (Cao et al., 1998; Yang et al., 1998) so it makes sense that jModeltest preferred this 
model for the taxonomic scope of this analysis if not the specific genes in question. I 
chose the MK model for morphology (Lewis, 2001) because compared to a general 
binary or multi-state model, MK is less disposed to ascertainment bias (in likelihood 
analyses of morphological data, overestimation of branch lengths or misestimation of 
optimal topology, because morphological matrices only include informative/variable 
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sites). Searches and bootstrap branch support calculations used RAxML's rapid 
bootstrapping algorithm with a random starting tree. Internode certainty and tree certainty 
(Salichos et al., 2014) were calculated for the resulting population of trees.  
Bayesian analysis also was attempted on the complete total-evidence dataset, 
using MrBayes (Huelsenbeck and Ronquist et al. 2001, Ronquist and Huelsenbeck 2003), 
but after two weeks of nonconvergence, that analysis was abandoned as computationally 
intractable (see discussion of a similar problem encountered by O’Leary et al., 2013). 
 









Total evidence 3 44244 94 
MK; GTR+γ; 
MTMAMF 
Morphology + amino acid 2 7384 94 MK; MTMAMF 
Morphology + DNA 2 41406 94 MK; GTR+γ 
DNA + amino acid 2 39698 47 GTR+γ; MTMAMF 
Morphology 1 4546 94 MK 
DNA 1 36679 45 GTR+γ  
Amino acid 1 2836 47 MTMAMF 
Only taxa with 
molecular data 
Morphology 1 4546 47 MK 
Morph. + AA 2 7384 47 MK; MTMAMF 
Morph. + DNA 2 41406 47 MK; GTR+γ 
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MATRIX COMPLETENESS ANALYSIS 
The morphological matrix was partitioned into cranial, dental, postcranial, and soft-tissue 
and behavioural characters, to investigate the distribution of incompleteness across the 
matrix. Random resampling from the entire matrix was used to build bootstrap 
populations of the same dimensions as each of the four actual partitions. Completeness 
was calculated as the average percent coded per taxon, and averaged across each 
bootstrap population to build a probability distribution. The actual completeness values 
were compared to these distributions using a Wilcoxon signed-rank test (test of whether a 
given value is different from the mean of a population, where the distribution of values in 
the population is not necessarily normal and the value is not independent from the 
population values).  
 
RESULTS: MATRIX COMPLETENESS 
The morphological matrix has four major partitions: cranial, dental, postcranial, and soft 
tissue and behavior. The first three are significantly more complete than expected from 
the average (figure 7.5), while soft-tissue and behavioral characters are significantly 
undercoded. 
This is not surprising given that half of the taxon sampling for the phylogenetic analyses 
is extinct taxa. It may be worth reconsidering the utility of soft-tissue and behavioral 
characters in resolving ancient divergences; this type of morphological character only 
contributes to the placement of living taxa, perhaps providing structure that is not found 











The total evidence dataset resolves relationships within orders with good support, but 
collapses to a polytomy at the superordinal level, with the exception of Euarchontoglires 
which is well-supported and well-resolved internally (figure 7.3). All of the notoungulate 
species, and one litoptern, Macrauchenia patachonica, fall out amongst Paenungulata. A 
clade of derived notoungulates plus Macrauchenia, numbered 1 in figure 7.3, is placed 
(with low branch support) as sister to Procavia capensis (figure 7.3, clade 2). Tethytheria 
is recovered as sister to the xenungulate Carodnia vierai (figure 7.3, clade 3), and the 
remaining two notoungulates, Thomashuxleya externa and Notopithecus adapinus, are 
postcranial
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part of a polytomy with clades 2 and 3 (figure 7.3, clade 4). The remaining litoptern, 
Protolipterna ellipsodontoides, is part of an unresolved grouping of “condylarths” (figure 
7.3, clade 5). It is notable that the rest of the tree is well-supported, but bootstrap and 
Bremer supports for clades 1 through 5, and for Euungulata (figure 7.3, clade 6) are 
comparatively very low.  
Morphology: 
A single, well-supported MPT was recovered in the morphology-only analysis. As with 
the total evidence dataset, notoungulates were recovered as most closely related to 
paenungulates (hyraxes, proboscideans, and manatees), specifically to Procavia, and 
Carodnia vierai is sister to tethytheres. The clade of derived notoungulates and Procavia 
(figure 7.3, figure 7.4 clades 1 and 2) is present, but does not include Macrauchenia 
patachonica. Instead, this derived, large-bodied litoptern is nested within Equidae, while 
Protolipterna ellipsodontoides, the smaller litoptern, is again within the “condyarths” 
(figure 7.4).  
Morphology plus collagen: 
Inclusion of the collagen data in the morphological matrix has the principal effect of 
decreasing resolution among notoungulates, paenungulates, litopterns, and equids (figure 
7.5). The only fossil taxa with collagen data are Toxodon and Macrauchenia (Welker et 
al., 2015), so the affinities of these two key taxa to other notoungulates may have the 




Figure 7.3. Total evidence dataset, strict consensus of 21 MPTs. Node labels are 
bootstrap/Bremer supports. CI=0.41, RI=0.41, length of MPT=147117. Green circles 





































































































































Figure 7.4. Morphology dataset, just one MPT found. CI=0.18, RI=0.4, length=30473. Circles 















































































































































































Figure 7.5. Morphology + protein dataset, strict consensus of 5 MPTs. CI=0.21, RI=0.44, 
length of MPT=30197. Labels as in Figure 7.3, black arrows indicate fossil taxa with 




























































































































































Molecular (DNA + AA): 
A comparison of the complete molecular data tree to the DNA-only tree, including only 
taxa for which DNA and/or collagen sequences are present, shows that the influence of 
the protein sequence data and the fossil taxa with that data is simply to decrease 
resolution at the base of Artiodactyla. Afrotheria is recovered in its entirety by molecular 
data; no indication is present from collagen that Toxodon or Macrauchenia is related to 
Paenungulata. This is a striking contrast to the morphological and total-evidence results, 
and may be influenced by factors related to fossil taxon sampling and missing DNA data 
from the two fossil taxa that are included.  
 273 
 
Figure 7.6. Molecular dataset (DNA + collagen), strict consensus of 11 MPTs. CI=0.47, 








































































Figure 7.7. DNA-only dataset, strict consensus of 6 MPTs. CI=0.46, RI=0.41, length of 






























































DISCUSSION: MONOPHYLY OF NOTOUNGULATA AND LITOPTERNA 
Neither notoungulates nor litopterns are recovered as monophyletic by any of the 
analyses presented here. Although it might be tempting to question the utility of large 
total evidence datasets such as this one for resolving both inter- and intraordinal 
relationships, it is notable that the only recognized groupings that lack support or are not 
monophyletic in these results are Notoungulata, Litopterna, Euungulata (= even- and odd-
toed Laurasian ungulates), and the “condylarths”. This indicates either an issue with 
character and taxon sampling in these groups (for instance, Perissodactyla is represented 
solely by two equids) or a real set of surprising relationships among ungulate orders that 
have been revealed by the addition of fossil taxa. I expect that the truth contains elements 
of both. The recognition of superordinal groupings in extant taxa has rested heavily on 
molecular information, which is absent when including fossil groups.  
 
BIOGEOGRAPHY: 
The finding that notoungulates are probably not only related to afrotheres, but 
probably within the crown group Paenungulata (hyraxes, proboscideans, sirenians), has 
implications for the biogeography and diversification history of this group. Afrotheria 
was estimated on the basis of molecular divergence dates to have originated in the late 
Cretaceous, as part of the superordinal split in basal placentals (Meredith et al., 2011), 
and the first appearance of major placental orders, and even of intraordinal splits, is 
supported by the findings here. This is in disagreement with the conclusions of O’Leary 
et al. (2013), who on the basis of fossil calibrations placed the main placental radiation 
after the end of the Cretaceous. The intertwining of notoungulates with paenungulates 
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suggests more than one dispersal event between Africa and South America, beginning as 
early as late Cretaceous and continuing until at least as late as the appearance of major 
afrothere clades (Tethytheria, Paenungulata). Connection to North America, which was 
strengthened post-KPg boundary, would be consistent with an origin of notoungulates 
from among dispersing Laurasian “condylarths,” but that connection is absent in the 
phylogenetic results of this study. Figure 7.8 shows a comparison of divergence times 
from O’Leary et al. (2013) and Meredith et al. (2011) along with continental 
arrangements around the times that Tethytheria is hypothesized to have originated.  
 
 
Figure 7.8. Divergence date estimates from molecular clocks (Meredith et al., 2011; top) 
and fossil calibrations (O’Leary et al., 2013; bottom) and comparison of biogeographic 





A number of morphological synapomorphies consistently link the hyrax Procavia 
to notoungulates (figure 7.3, clades 1 and 2). Some of these belong to character suites 
which have been previously hypothesized to link Afrotheria to Notoungulata. A deep 
cotylar fossa was proposed as a notoungulate-afrothere synapomorphy by Agnolin and 
Chimento (2011) but was quickly dismissed as being homoplastic – linked to 
graviportality (Lorente et al., 2011), but optimizing as a clade synapomorphy in my 
phylogenetic analyses. My analyses turned up other astragalar synapomorphies, as well, 
for clade 4 (figure 7.3). For instance, the expansion of the sustentacular facet to cover the 
plantar surface of the astragalus is not found outside of clade 4 (figure 7.3), except for in 
Protolipterna, Rhodocetus balochistanensis, and Metacheiromys marshi, of which none 
share a locomotory mode. Additionally, although graviportality is distributed beyond the 
notoungulate-afrothere clade, the position and extent of the sustentacular facet does not 
share that same distribution. This suggests that its occurrence as a synapomorphy of 
notoungulates and tethytheres is not driven by function (figure 7.9).  
 There are also some dental character states that unite clade 4, for instance the 
shared posession of a well-developed premolar paraconule, even through the 
development of a protoloph (figure 7.10). This is, perhaps, one of the suite of dental 
characters which convinced Cope (1882) that the notoungulate-hyrax connection “must 
not be overlooked.” 
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Figure 7.9: Distribution of the expanded sustentacular facet of the astragalus mapped on 
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Figure 7.10: Distribution of the P4 paraconule mapped on the strict-consensus total-









































































































DISCUSSION: INCOMPLETE DATA AND PHYLOGENETIC METHODS 
Toxodon and Macrauchenia patachonica were included in the total evidence 
analyses because of the availability of collagen protein amino acid sequence data (Welker 
et al., 2015), which means that they share more characters coded with extant taxa that 
have collagen sequences available than they do with any fossil taxon. The likelihood-
based outcome, placing them with Perissodactyla, is probably a result of the differing 
likelihood models between amino acid and morphology partitions; for this reason among 
others I prefer the maximum parsimony results, as they are less influenced by the 
differential parametrization present in likelihood analyses, particularly in total-evidence 
analyses that combine many types of character data. This is not a paper focused on the 
challenges of ordinal level molecular systematics, but I emphasize that genomic data are 
by no means more “correct” than morphology and are subject to the influence of model 
assumptions as well as hidden historical events (incomplete lineage sorting, introgression, 
etc.). On the other hand, the results of this analysis suggest that the total-evidence 
approach to superordinal phylogenies with a substantial fossil component may be 
unreliable; particularly from the perspective of divergence dating and node calibrations, 
which might benefit from incorporating biogeographic information as well. 
 
CONCLUSIONS AND PROSPECTS 
Expanding data sampling and improving models of molecular evolution will help to 
answer questions on deep divergences, but should be accompanied by a deeper 
examination of the character support (morphology and genomic) for phylogenetic 
hypotheses; along with a refinement of methods for the inclusion and revision of 
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biogeographic hypotheses in phylogenetic analyses. The suggestion by the phylogenetic 
results here is that notoungulates are part of the radiation of ungulate afrotheres, a novel 
result that suggests Gondwanan biotic provinces persisted through the late Cretaceous, 
enabling multiple dispersals between Africa and South America. This inference brings up 
another challenge in unraveling the roots of Notoungulata within Placentalia, which is the 
incompleteness of the African fossil record for the early Paleogene. However, there is a 
substantial record of fossil hyracoids, and these taxa merit inclusion in future iterations of 
this matrix along with more early notoungulates. 
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Appendix Table 7.1. Genes and aligned length (including gaps) for each taxon. 
Color scale shows percent of total alignment length, from red=0 to dark blue=100% 




ADRA2B ADORA3 ADRB2 APOB APP ATP7A BCHE BDNF BMI1 BRCA1
Amblysomus_hottentotus 1357 327 842 2447 746 690 987 585 214 2956
Apheliscus_insidiosus 0 0 0 0 0 0 0 0 0 0
Archaeotherium_mortoni 0 0 0 0 0 0 0 0 0 0
Artiocetus_clavis 0 0 0 0 0 0 0 0 0 0
Basilosaurus_cetoides 0 0 0 0 0 0 0 0 0 0
Bos_taurus 1357 327 842 2447 746 690 987 585 332 2953
Canis_lupus 1352 327 842 1366 746 690 987 585 332 2956
Caperea_marginata 1357 327 825 2447 746 688 987 585 332 2946
Carodnia_vieirai 0 0 0 0 0 0 0 0 0 0
Castor_canadensis 1357 327 842 2447 746 690 987 585 332 2955
Cavia_porcellus 1357 327 842 2447 746 690 987 584 332 2938
Cocomys_lingchaensis 0 0 0 0 0 0 0 0 0 0
Cynocephalus_volans 1357 327 842 2447 746 615 987 585 332 2956
Dasypus_novemcinctus 1347 327 812 2447 746 690 987 585 311 2956
Dawsonolagus_antiquus 0 0 0 0 0 0 0 0 0 0
Didelphis_virginiana 1357 327 547 2288 744 665 987 585 332 2855
Didolodus_multicuspis 0 0 0 0 0 0 0 0 0 0
Dromiciops_gliroides 1357 320 825 1617 740 657 987 583 325 2680
Echinops_telfairi 1357 327 399 2447 746 690 987 573 332 2936
Eomaia_scansoria 0 0 0 0 0 0 0 0 0 0
Equus_caballus 1357 327 842 1362 746 690 987 585 332 2956
Erinaceus_europaeus 1357 246 825 2371 617 690 987 577 330 2922
Felis_silvestris 1357 327 842 2447 746 690 987 585 332 2956
Galeopterus_variegatus 1357 327 842 1218 746 690 987 585 332 2956
Gomphos_elkema 0 0 0 0 0 0 0 0 0 0
Haldanodon_exspectatus 0 0 0 0 0 0 0 0 0 0
Hapalops_elongatus 0 0 0 0 0 0 0 0 0 0
Hegetotherium_mirabile 0 0 0 0 0 0 0 0 0 0
Henkelotherium_guimarotae 0 0 0 0 0 0 0 0 0 0
Hippopotamus_amphibius 1357 327 842 2447 746 690 987 585 332 2940
Homo_sapiens 1357 327 842 2447 746 690 987 585 332 2956
Hyopsodus_paulus 0 0 0 0 0 0 0 0 0 0
Icaronycteris_index 0 0 0 0 0 0 0 0 0 0
Ictidomys_tridecemlineatus 1357 0 599 0 746 676 987 583 332 0
Lama_glama 1357 327 842 1362 746 690 987 585 332 2956
Lemur_catta 1347 327 842 2447 746 690 987 585 332 2956
Leptictis_dakotensis 0 0 0 0 0 0 0 0 0 0
Loxodonta_africana 1357 327 842 2445 746 690 987 585 332 2952
Macrauchenia_patachonica 0 0 0 0 0 0 0 0 0 0
Maelestes_gobiensis 0 0 0 0 0 0 0 0 0 0
Manis_pentadactyla 1357 327 842 2447 746 690 987 585 332 2953
Mesohippus_bairdi 0 0 0 0 0 0 0 0 0 0
Mesonyx_obtusidens 0 0 0 0 0 0 0 0 0 0
Metacheiromys_marshi 0 0 0 0 0 0 0 0 0 0
Moeritherium_lyonsi 0 0 0 0 0 0 0 0 0 0
Morganucodon_oehleri 0 0 0 0 0 0 0 0 0 0
Morganucodon_watsoni 0 0 0 0 0 0 0 0 0 0
Myotis_lucifugus 1357 327 826 2447 746 684 987 585 332 2953
Notharctus_tenebrosus 0 0 0 0 0 0 0 0 0 0
Notopithecus_adapinus 0 0 0 0 0 0 0 0 0 0
Nycteris_thebaica 1357 327 842 775 746 690 0 585 332 2953
Onychonycteris_finneyi 0 0 0 0 0 0 0 0 0 0
Ornithorhynchus_anatinus 1351 327 0 1223 0 690 987 585 0 0
Orycteropus_afer 1357 327 842 2447 746 690 987 585 332 2956
Oryctolagus_cuniculus 1357 327 825 2447 746 690 987 585 332 2941
Paramys_delicatus 0 0 0 0 0 0 0 0 0 0
Phenacodus_intermedius 0 0 0 0 0 0 0 0 0 0
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ADRA2B ADORA3 ADRB2 APOB APP ATP7A BCHE BDNF BMI1 BRCA1
Procavia_capensis 1357 327 664 2447 746 690 987 585 0 2955
Protolipterna_ellipsodontoides 0 0 0 0 0 0 0 0 0 0
Protungulatum_donnae 0 0 0 0 0 0 0 0 0 0
Protypotherium_attenuatum 0 0 0 0 0 0 0 0 0 0
Protypotherium_australe 0 0 0 0 0 0 0 0 0 0
Pteronotus_parnellii 1352 327 823 2447 727 685 987 584 332 2910
Pteropus_giganteus 1357 327 742 2447 746 690 551 585 332 2953
Ptilocercus_lowii 1357 327 753 2447 732 683 987 585 332 2497
Pucadelphys_andinus 0 0 0 0 0 0 0 0 0 0
Rattus_norvegicus 1357 327 837 2447 746 690 987 585 332 2956
Rhinopoma_hardwickii 1294 327 354 2447 721 653 0 567 332 2832
Rhombomylus_turpanensis 0 0 0 0 0 0 0 0 0 0
Rhynchippus_pumilus 0 0 0 0 0 0 0 0 0 0
Rhynchocyon_cirnei 0 0 0 0 0 0 0 0 0 2943
Rodhocetus_balochistanensis 0 0 0 0 0 0 0 0 0 0
Saccopteryx_bilineata 1357 327 825 0 746 690 0 585 332 0
Saimiri_sciureus 0 327 0 0 703 0 987 515 0 0
Scarrittia_canquelensis 0 0 0 0 0 0 0 0 0 0
Sinopa_rapax 0 0 0 0 0 0 0 0 0 0
Solenodon_paradoxus 1216 327 842 2447 742 679 987 585 332 2463
Sorex_araneus 1031 327 678 538 746 690 987 585 329 2922
Sus_scrofa 1357 327 842 2447 746 680 987 585 332 2956
Tachyglossus_aculeatus 1355 327 825 2358 0 664 987 0 0 0
Talpa_europaea 1357 0 0 1294 0 0 0 0 0 2918
Tamandua_tetradactyla 1291 327 842 1255 746 690 0 585 0 2956
Tarsius_syrichta 0 327 551 2447 746 660 987 585 332 2956
Thomashuxleya_externa 0 0 0 0 0 0 0 0 0 0
Toxodon 0 0 0 0 0 0 0 0 0 0
Tribosphenomys_minutus 0 0 0 0 0 0 0 0 0 0
Trichechus_manatus 1357 327 722 2447 746 690 987 585 332 2956
Tupaia_glis 0 318 0 0 746 0 967 585 289 2954
Tursiops_truncatus 1357 327 842 2447 746 690 987 585 276 2946
Ukhaatherium_nessovi 0 0 0 0 0 0 0 0 0 0
Vulpavus_ovatus 0 0 0 0 0 0 0 0 0 0
Vulpavus_profectus 0 0 0 0 0 0 0 0 0 0
Zalambdalestes_lechei 0 0 0 0 0 0 0 0 0 0
Zhangheotherium_quinquecuspidens 0 0 0 0 0 0 0 0 0 0
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BRCA2 CNR1 CREM DMP1 ENAM FBN1 GHR PLCB4 PNOC RAG1X1
Amblysomus_hottentotus 3534 999 399 1442 4384 0 917 406 327 813
Apheliscus_insidiosus 0 0 0 0 0 0 0 0 0 0
Archaeotherium_mortoni 0 0 0 0 0 0 0 0 0 0
Artiocetus_clavis 0 0 0 0 0 0 0 0 0 0
Basilosaurus_cetoides 0 0 0 0 0 0 0 0 0 0
Bos_taurus 4697 999 453 1453 4381 792 882 406 327 963
Canis_lupus 4797 999 466 1446 4384 783 939 406 327 0
Caperea_marginata 4797 999 466 1453 4381 792 939 406 327 817
Carodnia_vieirai 0 0 0 0 0 0 0 0 0 0
Castor_canadensis 4616 999 466 1453 4353 792 939 406 327 963
Cavia_porcellus 4762 999 466 1453 4353 767 939 406 327 963
Cocomys_lingchaensis 0 0 0 0 0 0 0 0 0 0
Cynocephalus_volans 4797 963 407 1453 4384 748 889 406 327 811
Dasypus_novemcinctus 4526 999 466 1453 4367 792 939 406 326 799
Dawsonolagus_antiquus 0 0 0 0 0 0 0 0 0 0
Didelphis_virginiana 4661 672 466 1308 4384 633 0 405 315 963
Didolodus_multicuspis 0 0 0 0 0 0 0 0 0 0
Dromiciops_gliroides 4661 999 439 1423 4387 775 939 405 327 951
Echinops_telfairi 3516 668 458 1453 4384 774 889 406 327 957
Eomaia_scansoria 0 0 0 0 0 0 0 0 0 0
Equus_caballus 4737 999 466 1447 4381 792 939 406 327 963
Erinaceus_europaeus 4609 999 466 1445 4384 792 939 406 327 806
Felis_silvestris 4767 999 466 1447 4382 783 939 406 327 963
Galeopterus_variegatus 4797 672 466 1453 4384 792 889 406 327 936
Gomphos_elkema 0 0 0 0 0 0 0 0 0 0
Haldanodon_exspectatus 0 0 0 0 0 0 0 0 0 0
Hapalops_elongatus 0 0 0 0 0 0 0 0 0 0
Hegetotherium_mirabile 0 0 0 0 0 0 0 0 0 0
Henkelotherium_guimarotae 0 0 0 0 0 0 0 0 0 0
Hippopotamus_amphibius 0 999 466 1453 4381 780 939 406 327 957
Homo_sapiens 4797 999 466 1453 4384 769 939 406 327 963
Hyopsodus_paulus 0 0 0 0 0 0 0 0 0 0
Icaronycteris_index 0 0 0 0 0 0 0 0 0 0
Ictidomys_tridecemlineatus 4795 999 0 0 1529 441 786 406 327 585
Lama_glama 4704 999 407 1453 4381 792 939 406 327 963
Lemur_catta 4781 999 466 1453 4384 792 939 403 327 936
Leptictis_dakotensis 0 0 0 0 0 0 0 0 0 0
Loxodonta_africana 4407 999 466 1453 4374 792 939 406 327 806
Macrauchenia_patachonica 0 0 0 0 0 0 0 0 0 0
Maelestes_gobiensis 0 0 0 0 0 0 0 0 0 0
Manis_pentadactyla 4767 995 407 1445 4367 783 939 406 327 963
Mesohippus_bairdi 0 0 0 0 0 0 0 0 0 0
Mesonyx_obtusidens 0 0 0 0 0 0 0 0 0 0
Metacheiromys_marshi 0 0 0 0 0 0 0 0 0 0
Moeritherium_lyonsi 0 0 0 0 0 0 0 0 0 0
Morganucodon_oehleri 0 0 0 0 0 0 0 0 0 0
Morganucodon_watsoni 0 0 0 0 0 0 0 0 0 0
Myotis_lucifugus 4656 996 466 1453 4350 792 939 404 327 963
Notharctus_tenebrosus 0 0 0 0 0 0 0 0 0 0
Notopithecus_adapinus 0 0 0 0 0 0 0 0 0 0
Nycteris_thebaica 2868 999 466 1453 4347 792 939 0 0 0
Onychonycteris_finneyi 0 0 0 0 0 0 0 0 0 0
Ornithorhynchus_anatinus 4679 999 0 1410 4380 0 939 0 0 963
Orycteropus_afer 3541 672 466 1453 4367 792 681 406 327 916
Oryctolagus_cuniculus 4789 999 462 1453 4380 792 939 0 327 963
Paramys_delicatus 0 0 0 0 0 0 0 0 0 0
Phenacodus_intermedius 0 0 0 0 0 0 0 0 0 0
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BRCA2 CNR1 CREM DMP1 ENAM FBN1 GHR PLCB4 PNOC RAG1X1
Procavia_capensis 3600 999 466 1453 4374 792 939 406 327 804
Protolipterna_ellipsodontoides 0 0 0 0 0 0 0 0 0 0
Protungulatum_donnae 0 0 0 0 0 0 0 0 0 0
Protypotherium_attenuatum 0 0 0 0 0 0 0 0 0 0
Protypotherium_australe 0 0 0 0 0 0 0 0 0 0
Pteronotus_parnellii 4635 999 404 1197 4347 792 939 399 314 963
Pteropus_giganteus 4797 999 466 1453 4347 792 939 406 327 963
Ptilocercus_lowii 4797 993 466 1453 4384 779 939 406 327 936
Pucadelphys_andinus 0 0 0 0 0 0 0 0 0 0
Rattus_norvegicus 4797 999 466 1453 4378 792 939 406 327 963
Rhinopoma_hardwickii 4797 742 404 1453 4347 0 927 399 327 963
Rhombomylus_turpanensis 0 0 0 0 0 0 0 0 0 0
Rhynchippus_pumilus 0 0 0 0 0 0 0 0 0 0
Rhynchocyon_cirnei 0 0 0 0 0 0 0 0 0 0
Rodhocetus_balochistanensis 0 0 0 0 0 0 0 0 0 0
Saccopteryx_bilineata 4797 999 466 1197 4347 792 0 406 0 0
Saimiri_sciureus 1442 999 466 0 0 780 939 406 327 0
Scarrittia_canquelensis 0 0 0 0 0 0 0 0 0 0
Sinopa_rapax 0 0 0 0 0 0 0 0 0 0
Solenodon_paradoxus 3752 928 402 1432 4384 0 939 406 296 937
Sorex_araneus 3752 997 466 1019 4384 790 939 406 327 937
Sus_scrofa 4797 999 406 1453 4381 728 939 406 327 963
Tachyglossus_aculeatus 4679 895 0 1410 0 0 939 0 0 963
Talpa_europaea 0 0 0 0 0 0 0 0 0 796
Tamandua_tetradactyla 0 999 466 0 3711 0 939 406 327 0
Tarsius_syrichta 4797 0 408 1453 4384 792 939 406 327 804
Thomashuxleya_externa 0 0 0 0 0 0 0 0 0 0
Toxodon 0 0 0 0 0 0 0 0 0 0
Tribosphenomys_minutus 0 0 0 0 0 0 0 0 0 0
Trichechus_manatus 4413 999 466 1453 4374 792 681 406 327 809
Tupaia_glis 0 999 466 0 0 769 0 406 327 0
Tursiops_truncatus 4797 999 453 0 4381 792 939 406 327 817
Ukhaatherium_nessovi 0 0 0 0 0 0 0 0 0 0
Vulpavus_ovatus 0 0 0 0 0 0 0 0 0 0
Vulpavus_profectus 0 0 0 0 0 0 0 0 0 0
Zalambdalestes_lechei 0 0 0 0 0 0 0 0 0 0
Zhangheotherium_quinquecuspidens 0 0 0 0 0 0 0 0 0 0
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RAG1X2 RAG2 RBP3 S1PR1 TTN TYR VWF ZFX COLXAX1 COLXAX2
Amblysomus_hottentotus 663 444 0 981 4437 426 1257 0 0 0
Apheliscus_insidiosus 0 0 0 0 0 0 0 0 0 0
Archaeotherium_mortoni 0 0 0 0 0 0 0 0 0 0
Artiocetus_clavis 0 0 0 0 0 0 0 0 0 0
Basilosaurus_cetoides 0 0 0 0 0 0 0 0 0 0
Bos_taurus 997 444 1311 981 4434 426 1257 204 1463 1364
Canis_lupus 997 444 1070 763 4437 426 1257 204 256 1014
Caperea_marginata 705 444 1309 957 4437 426 1257 0 0 0
Carodnia_vieirai 0 0 0 0 0 0 0 0 223 0
Castor_canadensis 708 444 1308 981 4437 426 1227 204 0 0
Cavia_porcellus 997 444 1308 981 4437 426 1257 204 256 1014
Cocomys_lingchaensis 0 0 0 0 0 0 0 0 0 0
Cynocephalus_volans 693 444 1227 981 4437 426 1257 0 0 0
Dasypus_novemcinctus 705 440 0 957 4437 410 1257 0 0 1008
Dawsonolagus_antiquus 0 0 0 0 0 0 0 0 0 0
Didelphis_virginiana 997 444 1275 438 4409 426 1149 144 0 0
Didolodus_multicuspis 0 0 0 0 0 0 0 0 0 0
Dromiciops_gliroides 997 441 1311 957 4407 426 989 145 0 0
Echinops_telfairi 702 444 0 981 4136 426 1247 0 256 1013
Eomaia_scansoria 0 0 0 0 0 0 0 0 0 0
Equus_caballus 977 444 1311 981 4437 426 1257 204 256 1014
Erinaceus_europaeus 705 443 1309 957 4240 423 1098 0 256 1014
Felis_silvestris 997 444 1186 978 4437 426 1175 204 256 1012
Galeopterus_variegatus 997 444 1224 981 3792 426 1257 0 0 33
Gomphos_elkema 0 0 0 0 0 0 0 0 0 0
Haldanodon_exspectatus 0 0 0 0 0 0 0 0 0 0
Hapalops_elongatus 0 0 0 0 0 0 0 0 0 0
Hegetotherium_mirabile 0 0 0 0 0 0 0 0 0 0
Henkelotherium_guimarotae 0 0 0 0 0 0 0 0 0 0
Hippopotamus_amphibius 708 444 1115 981 0 426 1255 204 225 887
Homo_sapiens 997 444 1311 981 4437 426 1257 204 256 1014
Hyopsodus_paulus 0 0 0 0 0 0 0 0 0 0
Icaronycteris_index 0 0 0 0 0 0 0 0 0 0
Ictidomys_tridecemlineatus 792 297 1248 407 0 426 995 0 256 1011
Lama_glama 997 444 1115 778 4431 426 1119 204 0 0
Lemur_catta 708 444 1295 981 4437 426 1257 204 0 0
Leptictis_dakotensis 0 0 0 0 0 0 0 0 0 0
Loxodonta_africana 997 444 1114 981 4437 426 1140 204 256 1014
Macrauchenia_patachonica 0 0 0 0 0 0 0 0 247 907
Maelestes_gobiensis 0 0 0 0 0 0 0 0 0 0
Manis_pentadactyla 694 444 1257 981 0 0 1257 204 1472 1366
Mesohippus_bairdi 0 0 0 0 0 0 0 0 0 0
Mesonyx_obtusidens 0 0 0 0 0 0 0 0 0 0
Metacheiromys_marshi 0 0 0 0 0 0 0 0 0 0
Moeritherium_lyonsi 0 0 0 0 0 0 0 0 0 0
Morganucodon_oehleri 0 0 0 0 0 0 0 0 0 0
Morganucodon_watsoni 0 0 0 0 0 0 0 0 0 0
Myotis_lucifugus 705 444 1038 941 4437 326 1228 0 256 1014
Notharctus_tenebrosus 0 0 0 0 0 0 0 0 0 0
Notopithecus_adapinus 0 0 0 0 0 0 0 0 0 0
Nycteris_thebaica 708 444 0 0 3730 0 1128 0 0 0
Onychonycteris_finneyi 0 0 0 0 0 0 0 0 0 0
Ornithorhynchus_anatinus 997 444 1311 957 4433 426 0 204 244 996
Orycteropus_afer 708 444 1268 981 4434 426 1251 204 256 1014
Oryctolagus_cuniculus 997 444 1311 981 0 426 1123 204 255 1010
Paramys_delicatus 0 0 0 0 0 0 0 0 0 0




Appendix Table 7.2. Morphological matrix (Nexus format) 
#NEXUS 
BEGIN DATA; 
 DIMENSIONS  NCHAR=4546; 
 FORMAT DATATYPE = STANDARD GAP = - MISSING = ? SYMBOLS = "  0 1 2 3 4 5 6 7 8 9"; 
 CHARSTATELABELS  
736 Crista_Meatus, 764 Tympanohyal_Recess, 765 Pars_Mastoidea_extent, 1292 i1_size_relative_to_i3, 1293 i1_size_relative_to_i2 ;  
 MATRIX 






















RAG1X2 RAG2 RBP3 S1PR1 TTN TYR VWF ZFX COLXAX1 COLXAX2
Procavia_capensis 701 439 1043 981 4437 426 1257 0 256 975
Protolipterna_ellipsodontoides 0 0 0 0 0 0 0 0 0 0
Protungulatum_donnae 0 0 0 0 0 0 0 0 0 0
Protypotherium_attenuatum 0 0 0 0 0 0 0 0 0 0
Protypotherium_australe 0 0 0 0 0 0 0 0 0 0
Pteronotus_parnellii 805 444 1149 290 3552 422 1196 185 0 0
Pteropus_giganteus 997 444 1149 601 4437 426 1255 204 256 1011
Ptilocercus_lowii 700 444 1277 874 4429 426 1257 0 0 0
Pucadelphys_andinus 0 0 0 0 0 0 0 0 0 0
Rattus_norvegicus 985 444 1305 724 0 426 1105 203 256 1014
Rhinopoma_hardwickii 870 444 1309 820 2816 422 1234 192 0 0
Rhombomylus_turpanensis 0 0 0 0 0 0 0 0 0 0
Rhynchippus_pumilus 0 0 0 0 0 0 0 0 0 0
Rhynchocyon_cirnei 0 0 1114 0 0 0 1198 0 0 0
Rodhocetus_balochistanensis 0 0 0 0 0 0 0 0 0 0
Saccopteryx_bilineata 705 444 1149 0 4431 406 1257 0 0 0
Saimiri_sciureus 900 444 966 975 0 426 0 0 255 1014
Scarrittia_canquelensis 0 0 0 0 0 0 0 0 0 0
Sinopa_rapax 0 0 0 0 0 0 0 0 0 0
Solenodon_paradoxus 702 444 0 981 4432 410 1212 174 0 0
Sorex_araneus 0 444 1309 981 0 426 579 204 256 1014
Sus_scrofa 997 444 1311 981 4437 426 1257 204 255 1014
Tachyglossus_aculeatus 997 423 0 957 3992 0 0 0 0 0
Talpa_europaea 983 444 0 0 0 0 1257 0 0 0
Tamandua_tetradactyla 707 444 0 981 0 426 1186 204 0 0
Tarsius_syrichta 997 444 1225 729 4437 426 0 0 1461 1366
Thomashuxleya_externa 0 0 0 0 0 0 0 0 0 0
Toxodon 0 0 0 0 0 0 0 0 244 908
Tribosphenomys_minutus 0 0 0 0 0 0 0 0 0 0
Trichechus_manatus 701 444 1049 981 4437 426 1257 204 250 1014
Tupaia_glis 0 444 1175 975 0 426 1098 0 256 1014
Tursiops_truncatus 708 444 1311 725 4437 426 1262 204 255 1014
Ukhaatherium_nessovi 0 0 0 0 0 0 0 0 0 0
Vulpavus_ovatus 0 0 0 0 0 0 0 0 0 0
Vulpavus_profectus 0 0 0 0 0 0 0 0 0 0
Zalambdalestes_lechei 0 0 0 0 0 0 0 0 0 0







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix Table 7.3. Collagen alignments (Nexus format) 
#NEXUS 
BEGIN DATA; 
DIMENSIONS  NTAX=31 NCHAR=2838; 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































The most important theme developed across this dissertation is the timescale-dependent 
nature of uncertainty in an array of geobiological analyses. It is present in every chapter. 
In the geochronology and biochronology chapters, time-dependent uncertainty is 
analytical: an older date means a larger margin of error in age estimation, and different 
dating methods have distinct kinds and degrees of analytical or age-estimation 
uncertainty associated with them. It is also preservational, as older faunas are generally 
less numerous and often contain less abundant or less complete material, or have 
uncertain stratigraphic relationships (though these challenges are definitely not limited to 
older faunas). This dissertation contributes to the understanding and amelioration of some 
of these kinds of uncertainty. The new SALMA timescale in chapter two is a major new 
contribution. A comprehensive and rigorous synthesis, it provides not only a sound basis 
for calibration of future evolutionary studies, but also a robust logical framework for 
assessing uncertainty and arbitrating conflicting chronometric data. We developed a new 
protocol for constraining temporal boundaries of LMA units. An initial consideration is 
whether the biochronologic unit of interest represents a distinctive, time-significant, 
faunal unit that is consistently recognizable across a wide geographic span, and either 
informally characterized or formally defined with reference to a stratotype and 
geochronologic stage. Association of dated levels with  fossiliferous horizons should be 
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direct if possible, based on physical superposition; other correlations should be used with 
caution. In cases of conflicting data, the preferred calibration should generally be based 
on data obtained by the highest-precision method. The core range of a LMA we define as 
the temporal span based on highly precise and confidently correlated radioisotopic 
constraint dates, and minimal overlap between core dates for adjacent SALMAs. The 
potential range is broadest temporal range permitted by the available data. Boundaries 
should not be extended arbitrarily to fill “gaps” in the timescale, as this obscures the 
actual information present and may lead to confusion in future calibrations.  
In the phylogenetics chapters, uncertainty exists on a number of scales, from 
population to superorder. In the Bootherium gene trees (chapter six), the temporal span of 
error bars on nodal ages grows as time before present increases (even if just for the 
reason that the same percentage error on older dates is a larger number). Beyond model 
uncertainty, the results from chapter six demonstrate the extent to which phylogenetic 
topologies and divergence date estimates depend on the loci used in the analysis.  
Two chapters present results from radically different ends of the scale of 
morphological systematics. Chapter three is a familial level analysis of the Interatheriidae 
based on a matrix with 43 characters. The resulting phylogenetic hypothesis has a 
straightforward interpretation in terms of the evolutionary history of the family, and was 
used here to elucidate the timing of the origin of hypsodonty and its relation to climatic 
and tectonic processes. The main new contributions of this paper are first, to introduce 
elements of a new fauna from a previously unrepresented period of time in the Chilean 
Andes, and second, to support a correlation between climate changes, but not tectonic 
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processes, and morphological evolution of interatheres towards higher-crowned 
(hypsodont) teeth, often noted as a major paleoecological adaptation in mammals. 
Chapter seven uses the same phylogenetic methodological framework as the 
interathere analysis, but applies morphological systematic analyses across Placentalia. 
The major novel finding from this chapter is the placement of notoungulates not as sister 
to Paenungulata; but rather, nested within the afrotherian “subungulates”. Prior work on 
the placement of Notoungulata has always assumed reciprocal monophyly of this order 
with its extant sister lineage. My results suggest a quite different picture: notoungulates 
may be part of an endemic African radiation. This provokes questions about the 
biogeographic history of the group, and the timing of the earliest divergences within 
Placentalia. 
Time between divergences also has another more subtle way of introducing 
uncertainty, or at least, of decreasing resolution: nucleotide saturation (Liu et al., 2014). 
Different scales of phylogenetic analyses can require different loci for increased 
resolution and accuracy; for instance, while the mitochondrial control region provides 
resolution between individuals of the same species, if the goal is to resolve superordinal 
divergences as in chapter seven, mitochondrial loci are not so useful. One might instead 
look at conserved nuclear exons or ultraconserved elements	  (Blaimer et al., 2016; Bryson 
et al., 2016; McCormack et al., 2012).  
The idea that mutations take a certain amount of time to accumulate in different 
loci is analogous to the need, in geochronology, to choose an appropriate radiometric 
system for the age of the samples in question. In both systems, too, post-depositional or 
post-mortem alteration (eg. leading to argon loss from crystals) or degradation must be 
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recognized and accounted for. It differs, however, in that molecular clocks do not follow 
a strict rate in the same way that atomic decay does.   
In ancient DNA, the age of the samples themselves introduces time-proportional 
error in the form of postmortem degradation. This, of course, can be quantified and 
filtered out, but the average per-base locus information content of ancient samples still 
decreases with age (Ho et al., 2011; Jónsson et al., 2013). However, as I found in chapter 
six, DNA quality is not linearly related to age for samples 28-50+ thousand years old. 
Preservational conditions are also important in predicting DNA yield from ancient 
specimens; for example, exposure to sunlight and temperature extremes have been 
considered major contributors to degradation (eg. Shockey et al., 2009; Welker et al., 
2015). However, all of the specimens studied in chapter six experienced similar 
taphonomic and diagenetic histories yet yielded DNA of steeply varying quality, 
suggesting that a combination of unquantified factors influences preservation. 
Quantifying these factors into a reliable predictive model will be important for continuing 
large-scale ancient molecular work involving hundreds of specimens, to minimize 
wastage on unsuccessful sequencing runs. 
The same set of time-dependent processes—error accumulation, overprinting, and 
model uncertainty are present in morphological systematics, too. They are generally 
called taphonomy, convergence or homoplasy, transformation or ordering, and character 
argumentation or homology statements. This matters a great deal when constructing large 
matrices, and an enormous amount of brainpower went into the initial AToL Mammalia 
Morphology matrix (O'Leary et al., 2013) to develop a reductive coding system (Farris, 
1983; Strong and Lipscomb, 1999). This system rests on the recognition that a taxon 
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sample encompassing Placentalia (or any taxon that inclusive) will never have a set of 
characters that are applicable to all taxa, and attempts to minimize unintentional a priori 
support for any particular grouping. A major challenge which emerged in the course of 
my work, however, was in dealing with the inherent groups produced by this system 
(under parsimony or any current likelihood model analysis)—for instance, although one 
may code all characters of the flippers as “not applicable” for horses, the analysis would 
now have that many coded characters supporting a grouping of horse + any other taxon 
without flippers. This issue stems from phylogenetic methods treating inapplicable 
characters as missing data, but of course, treating “not applicable” as another state would 
be equally problematic.  
 
SPACE 
The second part of my ongoing research investigates the contribution of spatial data to 
notoungulate superordinal phylogenetics. O’Leary et al. (2013) make their first allusion 
to dimensions of space at the end of their paper, introducing the idea that biogeographic 
data may support various hypotheses for the relationships of majoy clades and timings of 
their divergences. In particular they were interested in the origins of Afrotheria, which 
remains stubbornly in the realm of being only a “molecular superorder” with but few and 
tenuous morphological synapomorphies.  O’Leary et al. (2013) concluded that Afrotheria 
must be Laurasian in origin because the root of the placental tree was reconstructed as 
post-KPg—long after Africa, and even South America, had begun to separate from 
Antarctica and Australia. My results from chapter seven suggest that this separation did 
not interrupt biotic connectivity, to the extent that there were perhaps multiple origins of 
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notoungulate taxa from within Afrotheria, and therefore multiple dispersals across the 
young Atlantic.  
South American Late Cretaceous and Paleocene tribosphenic mammals are North 
American in origin, and represent the onset of the South American “faunal cycle” and the 
termination of the earlier Gondwanan “cycle,” i.e., the extinctions of endemic West 
Gondwanan Mesozoic mammal lineages	  (Goin et al., 2006; Pascual, 1998; Pascual et al., 
1992; Pascual and Ortiz-Jaureguizar, 2007; Wible et al., 2007). Under this model 
notoungulates must be hypothesized to descend from “condylarth” or euungulate stock, 
first appearing in South America, along with the other placentals, as Laurasian dispersals. 
Furthermore, the separation of South America from the rest of the southern landmasses 
was well underway by the end of the Cretaceous, so a vicariant origin for notoungulates 
from within Afrotheria would require the major crown placental radiation, or at least the 
divergences of afrotheres and xenarthrans, to be Cretaceous-aged as well. Thus, when 
combined with phylogenetic data, biogeography may also be an interesting source of 
evidence about the timing of these early major splits within crown Placentalia.  
There is support from other vertebrate clades for a late Cretaceous biogeographic 
connection between South America and the rest of southern Gondwana: the Weddellian 
Biogeographic Province links southern South America, the Antarctic Peninsula, 
Australia, and New Zealand from middle through latest Cretaceous. An array of taxa, 
including marine reptiles	  (Martin and Fernández, 2007; Otero et al., 2015), cartilaginous 
fishes	  (Otero et al., 2013), angiosperms	  (Cook and Crisp, 2005; Hayes et al., 2006), 
ammonites	  (Olivero and Medina, 2000), avian dinosaurs	  (Forster et al., 1996), and 
marsupials (Case, 1989; Case et al., 2004; Goin et al., 1999), have characteristic 
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Weddellian distributions. This suggests that connectivity across southern Gondwana 
persisted during the late Cretaceous, a time at which it is not unreasonable to suggest that 
the major placental lineages may already have begun to diverge	  (Meredith et al., 2011; 
Phillips, 2015; Puttick and Thomas, 2015). If notoungulates are “condylarth” or 
euungulate relatives, they would have arrived in northern South America as part of K-Pg 
turnover, i.e., the end of the Gondwanan, and beginning of the South American, faunal 
cycle. In this scenario, late Cretaceous and Paleocene faunas in South America are 
expected to be more similar to Laurasian than Gondwanan assemblages. Alternatively, if 
notoungulates are afrotheres, a stronger Gondwanan component would be expected in 
faunas bearing the earliest notoungulates. Gondwanan holdovers (e.g., dryolestoids, 
gondwanatheres: Gelfo and Pascual, 2001; Reguero et al., 2002) are known up until the 
Miocene in Patagonia and the Antarctic Peninsula, alongside coeval notoungulates and 
litopterns. An origin of notoungulates from within afrotheres, perhaps arriving as several 
dispersals from Africa to South America over the course of the late Cretaceous, is 
congruent not only with morphological systematics, but also with a divergence of 
Afrotheria from other placentals in the late Cretaceous. 
 
CONTINUING ONWARD 
To resolve some of the remaining debates and issues elaborated upon above, goals for my 
current and ongoing research include: improved understanding of the phylogenetic and 
biogeographic affinities of notoungulates and their potential relationship to Afrotheria; 
development of more robust morphological characters for the placental tree of life, in 
particular for Afrotheria and Notoungulata; and insight into the faunal evolution and 
 350 
biogeography of southern Gondwana across the K-Pg boundary, as it relates to the 
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